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 Sedimentary archives from tropical Pacific islands, together with records of modern 
hydrological processes, can provide information on past changes in tropical hydroclimate and 
test island landscape sensitivity to changes in the hydrologic cycle.  For small tropical islands in 
particular, insight into past and present hydroclimate variability is important, given the strong 
influence of the tropical Pacific climate on freshwater resources and hazards like flooding and 
drought. Reconstructions of hydroclimate from key locations can help test hypotheses regarding 
mechanisms and drivers of tropical Pacific climate variability. However, such reconstructions are 
currently temporally and spatially limited, reducing our ability to understand past atmospheric 
moisture balance over long timescales.   
 A new lake sediment record from Kiritimati Island, in the northern Line Islands of the 
central tropical Pacific (CTP) Ocean (2°N, 157°W), improves our understanding of the spatial 
structure of the hydroclimate for the past millennium in the tropical Pacific. Geochemical and 
sedimentological data indicate drier conditions prevailed during the Medieval Climate Anomaly 
(MCA) and transitioned to wetter conditions during the Little Ice Age (LIA) on Kiritimati, 
suggesting a southward shift of the Intertropical Convergence Zone (ITCZ) at the MCA-LIA 
transition. However, comparing the Kiritimati lake record with hydroclimate proxies around the 
tropical Pacific does not support a particular pattern of variability for MCA or LIA hydroclimate, 
thus the results do not point to particular mechanisms to explain tropical Pacific climate 
variability during the last millennium.  
 Even in the instrumental era, the relationship between climate variability and hydrologic 




island remoteness.  However, utilizing the normalized difference vegetation index (NDVI) to 
investigate variability in island surface water area, I demonstrate links between climate 
variability and island freshwater storage. Results indicate that future changes to the frequency 
and amplitude of interannual hydroclimate variability, as well as seasonal duration, will alter 
surface water coverage on Kiritimati. This localized assessment of climate stressors to island 
hydrology helps to inform freshwater stress projections for at-risk tropical islands.  
 However, terrestrial changes associated with Pacific climate variability are not limited to 
the scope of lacustrine records. Aeolian sedimentary archives are a less common approach to 
documenting tropical hydroclimate variability but given the profound impact of the ocean-
atmosphere system on Kiritimati, aeolian archives provide a unique opportunity to test the role of 
hydroclimate imprint on the island landscape. To assess a potential aeolian paleoenvironmental 
record of Pacific climate variability and test island landscape sensitivity in response to climate 
and anthropogenic disturbance, I utilized sedimentological data and stratigraphic observations 
associated with paired organic–inorganic radiocarbon dates from coastal aeolian deposits on 
Kiritimati. Based on this nascent chronology, dune systems on Kiritimati appear sensitive to 
anthropogenic landscape disturbance. Yet prior to mid 20th century military operations, dune 
systems may reflect predominantly large-scale shifts in central tropical Pacific atmospheric 













 I would like to thank my advisor, Jessica Conroy, for taking the plunge to have me as her 
first PhD student. Because of her overwhelming patience, the pressure she put on me, the 
resources she provided, and her personal sacrifices, I succeeded beyond my own expectations. I 
am also thankful that I was able to visit many interesting places around the world with the 
support of the Conroy Lab, especially our field site, Kiritimati Island.  My dissertation 
committee, Tom Johnson, Alison Anders, and Brandon Curry were very supportive of me, and 
always pushed for improvement in approach to the research, and I am grateful for the mentoring 
they gave along the way. I would especially like to thank Brandon for many interesting 
conversations, for introducing me to world of microfossils, and for an extraordinary effort on 
Kiritimati Island.  
 This dissertation would not have been possible without the support of the Geology 
department. Over the last 5 years, I have had many wonderful lab mates: Thanks to Andy Nash, 
Nick Martin, and Susan Schmitt for initiating the Conroy Lab with me and for many entertaining 
and necessary diversions. To the more recent group, Allie Wyman, Sarah Dendy, Mingfei Chen, 
and Vino Sivapalan, thank you for sharing knowledge and collaborating. Undergraduate 
researchers, Nikolas Merton, Valerie Ramirez, and Don McKendry made important contributions 
to my research progress, and were wonderful people to work with. Fellow Geology graduate 
students were a daily inspiration because they are passionate about their work and they support 
each other – the community was truly special to be a part of.  I am grateful to Melissa Chipman 
from the Hu Lab in Plant Biology, whom I greatly admire, and who helped me get my bearings 




particularly supportive of me by way of conversation, advising, and lab sharing include Craig 
Lundstrom, Rob Sanford, and Bruce Fouke.  Lana Holben and Rachel Davidson were heroes of 
keeping everything in order, and great friends, along the way.  
 The scientists at the Illinois State Geological Survey, including Shari Fanta, Steve 
Brown, Dave Grimley, Drew Phillips, and Sebastien Huot, always made time for discussion. 
They were an were an invaluable resource during this process.  Christina Karamperidou from the 
University of Hawaii contributed to fieldwork on Kiritimati Island with brute force and critical 
thinking.  She was inspiring because of her happy disposition and thoughtful contributions. 
Along with Allie Wyman, they were both steadfast field help on the several hot and long days 
required to find and collect the sand dune sediment discussed in Chapter 4. Jim Westervelt of the 
Construction Engineering Research Laboratory in Champaign volunteered significant amounts of 
personal time to help me learn GRASS GIS, turning my vision for Chapter 3 into a reality.  
 I am so grateful to my husband Aaron Higley, because his support and patience rivaled 
my advisor’s. He made countless sacrifices to help me accomplish everything that needed to be 
done, even when it seemed crazy. He also contributed to field work on Kiritimati Island and 
helped collect all of the sediment discussed in Chapter 2.  For innumerable reasons, this 





































TABLE OF CONTENTS 
  
CHAPTER 1: INTRODUCTION ..................................................................................... 1 
CHAPTER 2: LAST MILLENIUM MERIDIONAL SHIFTS IN HYDROCLIMATE IN      
THE CENTRAL TROPICAL PACIFIC .................................................. 18 
 
CHAPTER 3: THE HYDROLOGICAL REPSONSE OF SUFACE WATER TO 
RECENT CLIMATE VARIABILITY: A REMOTE SENSING CASE 
STUDY FROM THE CENTRAL TROPICAL PACIFIC ........................ 52 
 
 
CHAPTER 4: SEDIMENT CHARACTERISTICS AND CHRONOLOGY OF AEOLIAN 
SEDIMENTS ON A TROPICAL PACIFIC CORAL ATOLL ................. 86 
 
APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER 2 ...................... 119 














CHAPTER 1: INTRODUCTION 
 
SIGNIFICANCE 
 The tropical Pacific climate plays a critical role in global climate, both directly impacting 
tropical regions and impacting remote regions through the influence of atmospheric 
teleconnections (Bjerknes, 1969; Deser and Wallace, 1990; Trenberth et al., 2002). The most 
notable component of climate in the tropical Pacific is the El Niño / Southern Oscillation 
(ENSO), the coupled ocean-atmosphere system which drives moisture and ocean temperature 
variability across the tropical Pacific on interannual timescales (Cane, 2005). ENSO events 
modulate heat transport throughout the tropics and export heat to the subtropics through ocean 
currents, precipitation, and evaporation, and cause atmospheric variability in the northern 
latitudes via the influence of eastward propagating Rossby waves (Trenberth et al., 2002). 
Tropical Pacific sea surface temperature anomalies are also correlated with the Southern Annular 
Mode, the leading mode of variability in the southern hemisphere (Ding et al., 2011; Karoly, 
1988) and atmospheric circulation in the Northern Hemisphere (e.g. Di Lorenzo et al., 2010). 
ENSO is also the source of interannual and decadal climate variability around the tropics, 
influencing climate modes including the East Asian Monsoon and the Pacific Decadal 
Oscillation (Ropelewski and Halpert, 1987).  
 Globally, the tropical Pacific is the source of significant weather hazards and climate 
anomalies, resulting in excess precipitation, floods as well as drought. Periods of drought and 
excess precipitation linked to ENSO events are strongly correlated to death tolls in the southwest 
Pacific and Australia (e.g. Power and Callaghan, 2016). The frequency of Atlantic hurricanes 




variability (Sarachik and Cane, 2010). Further, ENSO influences crop yields in the United States 
and fisheries along the western Americas (Legler et al., 1999) and has even been linked to 
periods of global conflict (Hsiang et al., 2001). Given the strong influence of the tropical climate 
on global climate and its subsequent socio-economic impacts, understanding the full range of 
tropical Pacific climate variability is vital for improved climate projections.  Tropical climate 
projection is important not only for interannual ENSO impacts around the world, but also for 
long-term water resource management, hydrology, energy use, and agriculture in the tropics 
(Barnett, 2011; Sarachik and Cane, 2010).  
 Small Pacific islands bear the brunt of the hazards and uncertainty associated with 
tropical Pacific climate variability (Barros et al., 2014; Barnett, 2001). In particular, island 
freshwater resources are vulnerable due to growing demand of increasing island populations, 
changes in freshwater availability, and variable freshwater management practices (Barros et al., 
2014, Holding et al., 2016, Mekonnen and Hoekstra, 2016). On tropical Pacific islands 
freshwater balance is dominated by interannual precipitation, buffered in part by local geology 
and hydrology (e.g White et al., 2007), and further complicated by inundation due to sea level 
rise and variability in tides (Nicholls and Cazenave, 2010; Terry and Falkland, 2010; Weiss, 
2015). Considering these potential problems, managing extreme freshwater variability is 
important (Karnauskas et al., 2016; Mekonnen and Hoekstra, 2016). Given the paucity of 
hydrologic records documenting the complicated links between climate and hydrology on the 
regional, or island, scale, it is important to understand the extent to which tropical Pacific climate 
variability impacts island freshwater resources (Nurse et al., 2014), especially as the future of 
tropical Pacific behavior under a warming climate remains uncertain (McGregor et al., 2013; 




 In the interest of understanding how modern island freshwater systems will behave in the 
future, we need to understand how they have changed in the past in response to shifts in the 
climate and environment.  Paleoclimate proxies, archived in the lake sediment, are a window into 
the past conditions of freshwater systems. As a substitute for long instrumental climate records, 
paleoclimate proxies can be used as benchmarks, to understand the full range of tropical Pacific 
variability, and thus to help constrain future uncertainty (McGregor et al., 2013), However, 
reconstructing the climate history in the tropical Pacific remains a major challenge for climate 
science due to lack of high-resolution terrestrial records of past moisture balance (Cane, 2005; 
Guilyardi et al., 2009), lack of modern, continuous, hydrological records from key ENSO 




Tropical Pacific Paleoclimatology 
 Aspects of hydroclimate history in the tropical Pacific are observed over millennial times 
scales using paleoclimate records from lake and marine sediments (Conroy et al., 2008; 
Koutavas et al., 2006, Koutavas  and Joanides, 2012; Moy et al., 2002; Riedinger et al., 2012, 
Rein et al., 2004) and relatively short, but high-resolution records from fossil corals and 
mollusks (Carre et al., 2014; Cobb et al., 2003, 2013; McGregor et al., 2013; Nurhati et al., 2009, 
2013).  The oldest known indicator of ENSO-like behavior in the tropical Pacific is a coral 
record that indicates ENSO existed 130,000 years ago (Tudhope et al., 2001). A 35,000-year 
ocean core record from the eastern Pacific records two distinct periods of ENSO behavior–the 




in the mid-Holocene (Koutavas et al., 2012). No corresponding records exist to verify the LGM 
enhancement in the central and western Pacific, but a coral reconstruction (McGregor et al., 
2013), geochemical data from foraminifera (Koutavas et al., 2012) and mollusk-based 
reconstructions (Carre et al., 2014) all support the idea of a pronounced reduction in ENSO 
variance ~5ky BP. Additional records from the eastern tropical Pacific show that ENSO 
variability increased overall beginning between 6,500 and 4,200 years BP (Conroy et al. 2008; 
Donders et al. 2008; Koutavas et al. 2006; McGregor et al. 2013; Moy et al 2002; Reidinger et al. 
2000). However, CTP fossil coral records do not indicate ENSO was greatly reduced in the mid-
Holocene (Cobb et al., 2013). Furthermore, a recent review suggests that additional caution is 
necessary when interpreting paleoclimate records constructed from data that depart from normal 
statistical distribution (Emile-Geay et al., 2016).  Thus, our understanding of Holocene ENSO 
variability remains uncertain, hindering our knowledge of the full range of tropical Pacific 
variability.  
 
Medieval Climate Anomaly and Little Ice Age 
 The last 1,200 years of global climate are characterized mainly by two periods, the 
Medieval Climate Anomaly (MCA) (~900–1350 AD) and the Little Ice Age (LIA) (1450–1850 
AD) (Graham et al., 2011; Grove, 1998; LaMarche, 1974; Lamb, 1965; Mann et al., 2009). The 
MCA was initially recognized as a warm climate period observed in multiple documentary 
records, mainly from Europe (Lamb, 1965), and later confirmed with tree rings records 
(LaMarche, 1974). The LIA was initially characterized as a colder, wetter period in Europe that 
more closely resembles modern climate (Grove, 1988; Lamb, 1965). It is now recognized that 




hydroclimate anomalies (Graham et al., 2011; Mann et al., 2009).  
Notable sites where the MCA is well-documented as a period of extreme climate 
anomalies include tree-ring records from the American West and the Great Plains (Cook et al., 
2004), which show periods of megadroughts during this time. In addition, lake sediment records 
from the Yucatan peninsula also show a period of prolonged drought from 800 to 1000 C.E. 
(Hodell et al., 1995), as do δ18O values from a speleothem in Chilibrillo Cave, Panama, which 
record a drying tend from 180 BC to 1310 C.E., with peak dryness occurring from 1100-1200 
C.E. (Lachniet et al., 2004). Notably, an ocean sediment record off the coast of California also 
indicates cool SST during the MCA (Graham et al., 2007; Kennett and Kennett, 2000).  
In the tropical Pacific, evidence points to a sustained La Niña-like state during the MCA, 
with colder SST and arid conditions in the eastern and CTP and warmer SST and wet conditions 
in the western tropical Pacific (Cobb et al., 2003; Conroy et al. 2009; Rein at al., 2004; Stott et 
al., 2004). In model simulations, a prolonged La-Niña like state in the Pacific was also able to 
drive megadrought in western North America (Seager et al., 2005, 2007a). A proxy synthesis of 
tropical Pacific paleoclimate records, as well as records from regions that are influenced, 
supports that MCA conditions in the tropical Pacific are similar to those of modern La Niña 
conditions (Graham et al., 2007).  
Proxy evidence for La Niña-like climate in the MCA includes fossil corals from Palmyra 
Island, the northernmost Line Island, which suggests a cool SST anomaly at the time (Cobb et 
al., 2003). In the eastern Pacific, riverine sediment input dramatically decreased off the coast of 
in Peru during the MCA (Rein et al., 2004). However, not all records agree with a La Niña-like 
state in the MCA. In eastern tropical Pacific, some lake sediment records show an increase in El 




Another key disagreement is the Quelccaya ice cap δ18O record, which does not reflect any 
significant MCA changes (Thompson et al., 1984, 2000). NIÑO 3.4 SST reconstructions based 
on fossil corals from across the tropical Pacific also do not suggest a prolonged La Niña-like SST 
pattern during the MCA (Emile-Geay et al., 2013). Thus, the MCA in the tropical Pacific is still 
uncertain.  
Like the MCA, LIA climate anomalies were regionally variable (Hodell et al., 2005), and 
the impact of the LIA on the CTP remains highly speculative (Rustic et al., 2015).  Several 
studies in the Caribbean region indicate that SST was cooler during the LIA relative to today 
(Nyberg et al., 2002; Watanabe et al., 2001; Winter et al., 2000) and in the Cariaco Basin, 
Venezuela, Haug et al. (2001) interpreted variations in titanium concentrations to indicate a 
reduction in precipitation during the LIA due to a southward migration of the ITCZ. Sachs et al. 
(2009) interpreted variations in the δD of lipids (as total lipid extracts, TLEs) in lake sediments 
on Washington Island, Kiribati, to indicate a shift towards drier climate around the onset of the 
LIA at 1400 C.E. Due to a corresponding increase in δD in botryococcene in El Junco, 
Galápagos (0˚54´S, 89˚29´W) and decrease δD in dinosterol in Spooky Lake, Palau (7˚N, 
134˚W), they hypothesized that a southward shift in the ITCZ drove the observed changes in 
moisture balance reflected in these records. To corroborate this interpretation, Kiritimati Island 
(2˚N), 320 kilometers to the south of Washington Island, would be required to receive an 








Study area and regional setting  
 Kiritimati Island, Kiribati, is located in the CTP, 2˚N north of the equator. It is largest 
coral atoll in the world (area 360 km2, Saenger et al., 2006) in an island chain known as the Line 
Islands. Limited evidence suggests the Line Island chain is formed on a Cenozoic volcanic ridge 
(Valencia, 1977), as the core of island is formed of volcanic bedrock (Falkland and Woodroffe, 
1997).  The limestone ranges from 120 to 30 m thick above the volcanic bedrock, formed by 
numerous episodes of reef building during glacio-eustatic cycles (Falkland and Woodroffe, 
1997). Karstification of the limestone surface, possibly due to an increase in sea level in the mid-
Holocene (Woodroffe and McLean, 1998) resulted in numerous lakes (~500, Valencia, 1977). 
The lakes exhibit brackish to hypersaline salinities, neutral to alkaline pH, and varying depths 
ranging from a few centimeters to 3 meters (Saenger et al., 2006). Field investigations on 
Kiritimati have shown both seasonal rains (Saenger et al., 2006) and ENSO influence variability 
in salinity, temperature, and stratification (Schoonmaker et al., 1985).  
 
Regional Climate 
 Kiritimati is located at the western edge of the eastern Pacific cold tongue, where mean 
SST is 27°C (ERSSTv4, Huang et al., 2015). Seasonal variability in Kiritimati SST is low but 
SST is highest from March to July and cooler from August to February (ERSSTv4, Huang et al., 
2015). The ITCZ shifts over the region seasonally, resulting in a pronounced seasonal rainfall 
cycle for the Line Islands (Deser and Wallace, 1990; Mitchell and Wallace, 1992; Nurhati et al., 
2009). But the southern-most position of the ITCZ normally remains just north of 2˚N, resulting 
in more arid conditions on Kiritimati relative to the northern Line Islands; the island receives less 




 Local SST and moisture balance on Kiritimati are strongly influenced by ENSO. El Niño 
events brings weaker trade winds, warmer SST, and regionally higher precipitation rates every 2-
7 years, and also increases the local sea level due to thermal expansion of sea water (Church et 
al., 2004; Neram et al., 1999). ENSO events are not all created equal. Central Pacific-style El 
Niño events, where the anomalous SST warming is focused in the central Pacific relative to the 
eastern Pacific, are more strongly manifested on Kiritimati (Kao and Yu, 2009; Yu and Kao, 
2007). CP-style El Niños correspond with decadal fluctuations of the North Pacific Gyre 
Oscillation, highlighting that low-frequency (decadal) variability is an important factor in the 
CTP, more than the eastern Pacific (Di Lorenzo et al., 2010). This is also demonstrates that large 
uncertainties remain about ENSO patterns, and the need to understand tropical Pacific climate 
variability on longer timescales (Karamperidou et al., 2015; Wittenberg, 2009).  
 
RESEARCH GOALS 
Given the profound impact of tropical Pacific climate on Pacific islands and throughout 
the world, and the potential for tropical Pacific-related hydroclimate disturbances in response to 
global climate change, documenting the full range of tropical Pacific climate variability is 
essential.  The success of this endeavor requires continuous terrestrial archives to accompany 
marine archives, and complementary paleoenvironmental and hydrological data, from more 
locations across the equatorial Pacific. The CTP is an ideal and valuable location for developing 
additional paleoclimate records as both ENSO and the location of the ITCZ affect the moisture 
balance of the region (Saenger et al., 2006; Sarachik and Cane, 2010).  The goal of my 
dissertation research is to examine the interactions between the atmosphere and the surface, by 




CTP. Geochemical and sedimentological components of Kiritimati lake sediment and aeolian 
records could potentially provide records of moisture balance for the region and allow me to 
investigate the nature of MCA and LIA climate anomalies in the CTP, and to test the hypothesis 
that the ITCZ shifted south during the LIA (Sachs et al., 2009). The numerous lakes on 
Kiritimati also provide a resource of modern hydrological data, through remote sensing.  
 
Terrestrial Archives from Kiritimati  
Lake sediment archives from across the equatorial Pacific have been used to assess 
tropical Pacific climate variability and the role of tropical Pacific in shaping aspects of global 
climate throughout the Holocene (Conroy et al., 2008, 2009, 2014; Moy et al., 2002; Riedinger et 
al., 2002; Rodbell et al., 2009; Sachs et al., 2009). In particular lakes are important archives 
relative to marine-based paleoclimate proxies such as fossil corals and marine sediment cores, as 
they are strongly influenced by atmospheric moisture balance independent of sea surface 
temperatures and ocean circulation changes, such as mixing and advection. In Chapter 2, I use 
geochemical evidence, coupled with radiocarbon dates, from lake sediment to reconstruct 
hydroclimate history on Kiritimati Island. The lake sediment record spans the last 2,000 years, 
improving the spatiotemporal resolution of hydroclimate records for the Pacific, and providing 
perspective on MCA-LIA history in the tropical Pacific.  
 Modern hydrologic monitoring is important for determining how the lakes are related to 
the surrounding environment and reflect regional climate variability. Remote sensing has become 
widely available and has been successfully used to monitor and characterize lakes in remote 
locations where it is difficult to consistently monitor meteorological and hydrological variations. 




lakes are remote and numerous. For example, remote sensing has been used to measure lake area 
change over time to document and understand the response to recent climate variability (Bianduo 
et al., 2009; Liu et al., 2009; Yan and Zheng, 2015). Remote sensing can also help improve 
interpretations of paleolimnologic data interpreted in the context of changing lake areas (Barro et 
al., 2014; Conroy et al., 2017). For Chapter 3, I use remote sensing data for Kiritimati to develop 
an 18-year record of surface water variability and demonstrate links between surface water area 
and regional tropical Pacific climate.  
 The multicentennial lake sediment record (Chapter 2), along with the record of recent 
surface hydrology on Kiritimati (Chapter 3), provide new information on CTP hydroclimate 
variability, as well as implications for future change. However, terrestrial changes associated 
with Pacific climate variability are not limited to the scope of lacustrine records. Aeolian 
sedimentary archives are a less common approach to documenting tropical hydroclimate 
variability but given the profound impact of the ocean-atmosphere system on Kiritimati, aeolian 
archives provide a unique opportunity to test the role of hydroclimate imprint on the island 
landscape. For Chapter 4, I use sedimentary and chronologic evidence to compare the timing and 
periods of dune formation with hydrologic shifts indicated in the Kiritimati lacustrine record 
(Chapter 2).  The aeolian record spans the past 3000 years, providing a context for testing the 
sensitivity of the island landscape to changes in CTP hydroclimate during the late Holocene, and 
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CHAPTER 2: LAST MILLENIUM MERIDIONAL SHIFTS IN HYDROCLIMATE IN 
THE CENTRAL TROPICAL PACIFIC1 
 
ABSTRACT 
 Reconstructing past changes in the spatial structure of tropical Pacific hydroclimate 
requires archives of past moisture balance across spatial gradients of precipitation. To date, only 
one, 600-year, terrestrial record of hydroclimate is available for the central tropical Pacific (CTP) 
from Washington Lake, Washington Island, limiting the ability to test hypotheses regarding the 
location of the CTP Intertropical Convergence Zone (ITCZ) in the last millennium. A new lake 
sediment record from Lake 30, Kiritimati, Republic of Kiribati, 3° south of Washington Island, 
provides additional constraints on past CTP ITCZ position. Lake 30 geochemical and 
sedimentological data indicate an episode of increased microbial mat development and gypsum 
precipitation from 900 to 1200 C.E., coincident with the Medieval Climate Anomaly (MCA). We 
infer drier conditions during the MCA at Kiritimati as the Washington Lake proxy record 
indicates wetter conditions, suggesting the CTP ITCZ was displaced northward during the MCA 
relative to its position today. At the transition between the MCA and the Little Ice Age (LIA), 
Lake 30 sediment becomes predominantly carbonate, suggesting a transition to wetter conditions 
and a southward shift of the ITCZ relative to its MCA position. However, a tropical Pacific 
synthesis of hydroclimate-sensitive proxy records does not point to a consistent spatial or 
temporal pattern of variability in the MCA and LIA, suggesting multiple influences on 
centennial-scale tropical Pacific hydroclimate during the last millennium. 
                                               
1 This chapter is published as: Higley, M. C., Conroy, J. L., & Schmitt, S. (2018). Last Millennium 
Meridional Shifts in Hydroclimate in the Central Tropical Pacific. Paleoceanography and 






Tropical Pacific climate plays a critical role in shaping global climate variability 
(Trenberth et al., 2002). The most salient aspects of ocean-atmosphere circulation in this region, 
which alter large-scale rainfall patterns, include the seasonal, meridional movement of the ITCZ, 
the Pacific Walker Circulation (PWC) and interannual El Niño-Southern Oscillation (ENSO). 
Understanding the response of these systems to past changes in forcing, as well as their internal 
variability, is vital to inform the nature of future climate change in this region, which hosts a 
growing population vulnerable to limited water resources (United Nations, 2017; Holding et al., 
2016). However, the location of the ITCZ, strength of the PWC, and ENSO variability during 
past periods with different background climate states remains uncertain.  
There are varied hypotheses regarding drivers of centennial-scale hydroclimate 
variability in the tropical Pacific during the last millennium. A strengthened PWC has been 
suggested during the MCA, from ~900-1300 C.E. (Graham et al., 2007). However, other records 
and syntheses purport the opposite (Yan et al., 2011). At the onset of the LIA (1400 C.E.), a 
southward shift of the ITCZ is inferred from many hydroclimatic proxies across the tropics 
(Haug et al., 2001; Newton et al., 2006; Richey and Sachs, 2016; Sachs et al., 2009). In contrast, 
a contraction, rather than a southward shift, may have occurred in the western tropical Pacific at 
this time (Konecky et al. 2013; Yan et al., 2015; Denniston et al., 2016).  Variability in the 
strength of the PWC may have also influenced tropical Pacific hydroclimate during the LIA. For 
example, western Pacific records indicate a wetter and fresher Indo-Pacific Warm Pool (IPWP) 
during the LIA, concomitant with some records from the eastern tropical Pacific suggesting 
relative dryness during the LIA—a spatial signature that is representative of the zonal PWC and 




Disentangling the correct patterns and, subsequently, the mechanisms behind last 
millennium hydroclimate variability in the tropical Pacific requires development of more 
paleoclimate records, especially in regions characterized by strong moisture gradients (e.g., 
Denniston et al., 2016). The Northern Line Islands in the CTP, spanning 2° to 6°N, are an ideal 
location to develop such records, as the position of the ITCZ creates a sharp meridional rainfall 
gradient. Modern rainfall on Kiritimati (1.9° N, 157.4° W) averages 2 mm day -1, as the island is 
south of the ITCZ (Figure 2.1). Further north, precipitation rapidly increases to >6 mm day-1 at 
Washington Island (4.7°N, 160.4°W), which lies underneath the ITCZ.   
In the semi-arid conditions at Kiritimati, precipitation minus evaporation (P-E) influences 
the water and sediment chemistry of the numerous lakes found across on the island, which range 
from brackish to hypersaline (Saenger et al., 2006). Sediment records from closed basin, saline 
lakes can archive variability in hydroclimate through changes in mineralogy and sediment 
geochemistry (e.g Dix et al, 1999). Minerals precipitated in saline lakes reflect the ionic 
composition of the lake water, making saline lakes sensitive recorders of environmental 
conditions (Eugster and Hardie, 1978). In fact, such ‘chemical’ sediments have been considered 
one of the most sensitive proxies for climate (Schnurrenberger et al., 2003). According to the 
brine evolution pathways of Eugster and Hardie (1978), as a brine becomes enriched due to loss 
of water, typical authigenic precipitates initially include low-magnesium calcite, high-
magnesium calcite, and aragonite, followed by other minerals such as gypsum and halite, 
dictated by lake water ionic composition and concentration. Thus, mineral precipitates preserved 
in lake sediments reflect the evolution of the saline lake water chemistry, which is frequently 




This study presents the first well-dated lake sediment record from Kiritimati. We use this 
record of past changes in sediment mineralogy and geochemistry to assess island hydroclimate 
variability over the last millennium. To substantiate that the sediment record reflects 
hydroclimate, we model evaporation-influenced mineralogy trends, and compare sediment 
mineralogy and geochemistry with surface sediments and lake waters in modern Kiritimati lakes. 
We then compare our new record with the record from Washington Island, along with other 
hydroclimate proxy records from across the tropical Pacific, to describe the observed pattern of 
change in tropical Pacific hydroclimate over the last millennium.  
 
MATERIALS AND METHODS 
Surface water chemistry 
 In July 2014 we collected surface water and surface sediment samples from 26 lakes, 1 
spring, the main lagoon and the seawater from the northwestern shore of Kiritimati to measure 
the properties of water and sediment end members around the island. Water samples for cation 
analysis were filtered in the field with 0.22 µm filters, and stored refrigerated in the dark in pre-
acidified amber plastic bottles, unopened, until analysis. Water samples from Lake 30, the ocean 
and lagoon were also analyzed for anions. The concentration of major cations was measured 
using ICP-OES (Perkin-Elmer, Optima 5300 DV) (±3%) at the University of Arizona. The 
concentration of major anions was measured with Dionex ICS 3000 gas chromatograph (±4% for 
Cl-, SO42-; ± 2% for Br-; ± 2% F-). A YSI Professional Plus multiparameter datasonde was used 
to collect temperature (±0.2°C), conductivity (±0.5% of measurement in µS/cm), pH (0.01 units), 
and dissolved oxygen (± 2%). Salinity in ppt was calculated from these data using the Gibbs Sea 




on site using a Hach Company alkalinity test kit. All chemistry data can be found in the 
Supplementary Table A.5.  
Sediment cores 
 In July 2014 we collected five cores from Lake 30 (1.873˚N, 157.355˚W) which is 
approximately 5,800 m2, sits ~3.0 masl and is 1.2 km from the eastern shoreline of Kiritimati 
(Figure 2.2). The area surrounding the lake is a flat, hardpan surface. A modified Livingstone 
piston corer was used to collect three overlapping cores, within a 2 m distance, in the center of 
the lake (Cores C, D E, Figure 2.2). Duplicate intact sediment–water interface cores were 
collected using push cores 40 m from the Livingstone coring location (Cores A, B, Figure 2.2).  
Due to the unconsolidated nature of the uppermost sediment, the upper 0.5 cm of each surface-
water interface core was extruded into whirl-pak bags in the field. Livingstone cores were 
extruded in the field, and a Bolivia modification was used on four drives (Wright, 1967). These 
cores remained in polycarbonate tubing. The deepest drive does not include the end of the 
sediment package, which was not collected and is beyond the scope of the current investigation. 
Cores were transported to LacCore: the National Lacustrine Core Facility at the University of 
Minnesota, where they were split, described, digitally photographed and scanned with a Geotek 
multi-sensor core logger for whole core loop sensor and split core point sensor magnetic 
susceptibility, gamma density, electrical resistivity, and color spectrophotometry.  
 
Chronology 
 The chronology for Lake 30 was constructed for the upper 120 cm of the composite core 
with seven radiocarbon dates (Table 2.1). An age model was created using Bacon 2.2 (Figure 2.3 




standard HCl-NaOH-HCl for organic samples and 50% NaClO for the carbonate mud sample, 
combusted and graphitized at the Illinois State Geological Survey and 14C measurements were 
conducted at the Keck-CCAMS, University of California. The modern (core top) date was 
calibrated using the CALIBomb program using the IntCal13 pre-bomb calibration curve (Reimer 
et al., 2013) and the NHZ3 post-bomb calibration dataset, which spatially overlaps our study area 
(Hua et al., 2013). A reservoir effect of 58 years was determined with the age of core top organic 
matter (Table 2.1). The reservoir effect was applied to the ages of four desiccated cyanobacterial 
mats, along with an uncertainty of ±50 years. The carbonate mud sample at the bottom of the 
studied core interval (121 cm), is lagoonal, rather than lacustrine, and was thus calibrated using 
the Marine13 calibration curve and a Delta R of 10±15 (Zaunbrecher et al., 2010). The remaining 
ages were calibrated with the IntCal13 curve and the age-depth relationships were modeled with 
the Bayesian model Bacon 2.2 (Blaauw and Christen, 2011; Reimer et al., 2013). Based on our 
age model, the sedimentation rate from 0–14 cm is 0.02 cm year -1, 14–111 cm is 0.12 cm year -1 
and abruptly changes to 0.01 cm year -1 at the transition from the laminated sediment to white 
authigenic carbonate mud. 
 
X-ray fluorescence and bulk powder X-Ray diffraction 
 Sediment elemental abundances were measured with an X-ray fluorescence (XRF) Itrax 
Corescanner (University of Minnesota-Duluth) with a molybdenum tube and 60 second dwell 
time. XRF data resolution is 1 cm for massive, non-laminated sections, and 1 mm to 500 µm for 
laminated sections. The XRF data is reported in counts per second and is normalized to coherent 
scatter. X-Ray Diffraction (XRD) on representative samples from the Lake 30 cores and surface 




elemental data. Wet samples of sediment were gently crushed with an agate mortar and pestle to 
break up aggregates and separate microbial material from mineral material. Gentle crushing, 
decanting, and centrifuging separated most of the organic microbial gels from the mineral 
component of the sample. Samples were sieved through 2 mm sieve to separate out biogenic 
carbonates, but mineral aggregates larger than 2mm were crushed and returned to sample. The 
<2mm mixture was centrifuged in deionized water for 10 minutes at 2800 RPM, 3 times, to 
remove soluble salts (Last and Smol, 2001; Cook et al., 1975). Dry samples were ground into a 
powder with an agate mortar and pestle (Cook et al., 1975) and sieved through the 125um (#120) 
sieve size. The samples were run on a Siemens-Bruker D5000 at the Frederick Seitz Materials 
Research Laboratory at the University of Illinois with the following settings: incident angle of 5˚ 
to 90˚, increment of 0.02, scan speed of 1˚min-1. Results were analyzed in Jade XRD software 
(Supplementary Figure A.3). 
 
Loss on Ignition 
 Loss on ignition was performed on the sediment cores as well as on surface samples from 
regional lakes to obtain the relative abundance of organic matter, carbonate, and the residual 
(Last and Smol, 2001; Dean, 1974).  Approximate 0.5 cm3 sediment samples were collected at 1 
cm resolution. All wet samples were rinsed multiple times with deionized water to remove 
glutaraldehyde (used to fix surface sediment) and pore water containing sulfates, which can 
confound estimates of organic matter and carbonate. Sediment was dried at 120°C overnight. 
After desiccation, dry sediment was transferred to clean dry crucibles and weighed. Samples 
were burned at 550°C for 2 hours in a muffle furnace to remove organic content. Lids were 




desiccator until cool enough to weigh accurately. Samples were then burned at 1050°C for 4 
hours to remove carbonate. They were left in the furnace for a few hours to cool before being 
transferred to the desiccator for complete cooling. Percent organic content, carbonate, and the 
residual were calculated based on the mass of the combusted material relative to the original, dry 
mass. See Appendix A for equations used to calculate loss on ignition.  
 
Microbial Mat Frequency  
 Buried microbial mats occur throughout the top 120 cm of the sediment record. We 
visually identified 12 cohesive, finely laminated microbial mats in the sediment record and 
established the depth and age of each one. Mats were identified as sections of sub-millimeter 
dark and colorful laminations, high organic content, and a wavy contact with the sediment above 
and below. We only counted mats that were continuous across the width of the core with a 
defined structure and a clear top and bottom. Reported depth indicate the center of the mats. The 
mean age and 2σ error for the microbial mats was established in Bacon 2.2 (Blaauw and 
Christen, 2011) with the function Bacon.hist (depth).  
 
Evaporation Model 
 Reaction path models were computed to demonstrate the saturation status of minerals in 
the Lake 30 water over the course of simulated evaporation, as we hypothesize that periods of 
lower P-E drove gypsum precipitation in Lake 30.  We performed the simulations using The 
Geochemist Workbench® version 11.0 (Bethke and Yeakel, 2016a, 2016b) with 2014 field data 
(this study) and August 2002 data (Arp et al., 2012) for Lake 30. To compare system end 




and groundwater from a village well (Arp et al., 2012). The output of the model, the saturation 
index (SI) where positive values indicate supersaturation and negative values indicate 
undersaturation, are used to interpret the authigenic mineral precipitates observed in Lake 30 
core sediments.  For model details, settings, and input data see Appendix A. 
 
RESULTS 
Modern Kiritimati surface waters range from brackish to hypersaline (Supplementary 
Table A.5). The surface sediment of brackish lakes, such as Lake 30, is predominantly calcite 
(CaCO3), aragonite, and high-Mg calcite, whereas the surface sediments of hypersaline lakes 
contain these minerals as well as gypsum (CaSO4 .H2O) (Supplementary Figure A.3) and 
cohesive, laminated, microbial mats. The core sediments from Lake 30 were divided into eight 
primary units based on sediment lithology (Figure 2.4 and Supplementary Figure A.1). Unit I (0–
7 cm) consists of brown, green, and pink thin-bedded micritic calcite mud with frequent 
carbonate sand grains. The topmost (0.5 cm) sediment of Lake 30 was a brown/green calcite mud 
with a density similar to the lake water. Unit II (7–31 cm) is represented by pink and light brown 
very thin bedded carbonate sand in a matrix of micritic carbonate mud, including fragmented 
brown laminated cyanobacterial mats at 13 cm and 21 cm (~0.5-2 cm thick). Pink laminated 
micritic calcite mud with frequent carbonate sand grains comprises Unit III (31–41cm), with 
laminated cyanobacterial mats at occurring at 32 and 38 cm (~0.5-2 cm thick). Unit IV (41–70 
cm) consists of white and light brown laminated to very thin-bedded gypsum sand with calcite 
and aragonite mud, with laminated brown and green cyanobacterial mats at occurring at 50 cm, 
53 cm, 58 cm, 67 cm (~0.5–2 cm thick). Unit V (70–109) cm contains pink, red, and green 




mats at 77 cm, 84 cm, 100 cm, 104 cm (~0.5-2c m thick). Unit VI (109–120 cm) contains light 
brown, thin-bedded carbonate sand in a matrix of carbonate mud. At 120 cm there is a sharp 
transition to white massive carbonate mud with gastropod and bivalve shells and fragments, 
which defines Unit VII (120-–140 cm).  Based on our age model, this transition occurs around 
200 C.E. Given the possible presence of a hiatus of uncertain duration at this transition zone and 
our focus on the last millennium, we only interpret the sediment record above this boundary. A 
gradual transition occurs between Unit VII and Unit VIII (140–400 cm), white massive 
carbonate mud.  
 Mineralogical differences between the carbonate mud and evaporite sand/mat unit is 
apparent in XRF S/Ca data (Figure 2.5). S/Ca values are continuously low from 200-890 C.E., 
elevated from 890–1020, 1030–1060, and 1060–1200 C.E., and low from 1200–1600 C.E. S/Ca 
increases from 1850 C.E. to present, but never approaches 890–1200 C.E. values.  Where values 
of S/Ca are highest, we find gypsum crystals co-occurring with carbonate crystals in smear 
slides, gypsum sand in sediment samples, and gypsum in XRD. Gypsum is not detected at 
intervals above or below 900-1200 C.E., where S/Ca is relatively low. The LOI % residual 
closely tracks S/Ca data (Figures 2.5 and 2.6), suggesting it also reflects gypsum abundance. 
Sr/Ca peaks occur in the sediment record corresponding to white laminations within or adjacent 
to microbial mats. Significant Sr/Ca peaks occur most frequently from 900 to 1230 C.E. 
corresponding to white laminations in the core sediment (Figure 2.6) and aragonite in smear 
slides (Figure 2.4), with the last peaks occurring near 1400 C.E. (Figure 2.5). The peaks in Sr/Ca 
represent an increase in aragonite relative to calcite due to the enhanced ability of Sr2+ to 
substitute for Ca2+ in aragonite (Kinsman and Holland, 1969).  Cohesive laminated microbial 




from ~650 to ~1200 C.E, with the last mat occurring at 1490±190 C.E. (Figure 2.5, 
Supplementary Table A.2). Taken together, these results show large changes in sediment 
characteristics over the last millennium, especially from 900-1200 C.E., when the sediment is 
defined by microbial mats and coarser, gypsum-rich sediment. The combined S/Ca, Sr/Ca, and 
buried mat data indicate a transition period from 1200-1400 C.E., at which time the sediment 
takes on characteristics that continue to the present-day. The sedimentation rate is faster from 
900-1200 C.E., with growing microbial mats and coarser particle size taking up more 'space' in 
comparison to the period from 1200 C.E to present, when the Lake 30 sediment record consists 
of fine-grained carbonate, with reduced pore space and fewer, or absent microbial mats (Figure 
2.3). In particular, the microbial mats are thick and hydroscopic, and lack compressibility, 
compared to the fine carbonate sediment!section of the core. 
In our mineralogy modeling exercises, the output of the evaporation model is the 
saturation index (SI), where positive values indicate supersaturation and negative values indicate 
undersaturation.  In Lake 30, calcite and aragonite have saturation index (SI) values >0 and 
approach SI=0 as water is removed. In contrast, the gypsum SI is lower under initial conditions 
but increases towards SI=1 with increasing evaporation. This follows the model of Eugster and 
Hardie (1978) for evaporation of lake brines, which results in authigenic precipitates including 
low-magnesium calcite, high-magnesium calcite, and aragonite, followed by other minerals, such 
as gypsum and halite, dictated by lake water ionic composition and concentrations. Ocean water 
behaves similarly to Lake 30 water under simulated evaporation.  In contrast, for the village well 
evaporation has little effect on the saturation indices, until the last few steps, where gypsum 
approaches 1 after 90% water removal. All data, metadata, and simulations developed in this 





Environmental information in Lake 30 sediment variability  
 As we only detect microbial mats and gypsum in modern hypersaline lakes, the presence 
of microbial mats, gypsum, as well as increased aragonite relative to calcite from 900–1200 C.E. 
indicates more saline conditions in Lake 30, relative to modern. Today, brackish Lake 30 is an 
outcropping of groundwater defined by a freshwater lens overlying seawater (Arp et al., 2012). 
Periods of reduced (P-E) should manifest as increasingly saline groundwater, as the thickness of 
the freshwater lens decreases (Falkland and Woodroffe, 1997). Thus, we infer this period, which 
falls within the MCA, was more arid on Kiritimati. It is unlikely the MCA was a period of 
increased lake salinity due to sea level rise, as estimates of sea level from fossil corals across 
Kiritimati reveal no significant sea level change for the last 5000 years (Woodroffe et al., 2012). 
Lake 30 is also isolated from lakes connected to the lagoon. Sediment from lakes in contact with 
the lagoon (i.e., with a greater contribution from seawater) often contain more white carbonate 
precipitate (Saenger et al., 2006). We would expect higher sea level and surface seawater 
intrusion to be reflected as fine white sediment, rather than increased gypsum and microbial 
mats. Comparing the results for 2014 Lake 30 water chemistry versus 2002, a drier period 
(Supplementary Figure A.4), the gypsum SI ≈ 1 after only 48% water removal, versus 90% in 
2014. Therefore, not only is evaporation a viable path to precipitate gypsum in Lake 30, but 
precipitation of gypsum is enhanced with more saline initial water chemistry after a period of 







Testing the hypothesis of central tropical Pacific ITCZ migration 
The inferred centennial periods of fresher and more saline lake water during the last 2000 
years from Lake 30 improve constraints on the past position of the ITCZ in the CTP. In order to 
test the hypothesis that the ITCZ migrated during the last millennium, we compare the only two 
sediment records available for the CTP, from Lake 30 and Washington Lake, Washington Island. 
Located north of Kiritimati, Washington Island currently sits under the ITCZ. As a result, today 
Washington Lake is a freshwater lake surrounded by heavy vegetation, and organic-rich gyttja 
sediment accumulates at the lake bottom (Saenger et al., 2006). The 9 m sediment record from 
Washington Lake consists of modern organic gyttja overlying red microbial mats, ending with 
white carbonate mud that extends to bedrock. Hypersalinity during the majority of the last 
millennium is inferred from the presence of the salt-tolerant microbial communities, and 
hydrogen isotope ratios from this same unit indicate drier conditions from 1420-1640 C.E. 
(Sachs et al., 2009). This period of higher inferred salinity and aridity is thought to reflect a 
migration of the ITCZ south of the site during the LIA.  
The period of higher inferred aridity on Kiritimati from 900–1200 C.E., followed by a 
transition period between 1200-1400 C.E. back to more humid conditions, suggests the ITCZ 
must have been positioned further from Kiritimati during the MCA. Combined with the 
Washington Lake record, it is likely the ITCZ was in a more northerly position than today 
(Figure 2.8). Our inability to find material to date during the LIA period precludes our 
interpretation of this period. The gradual shift between 1200-1400 C.E. to sediments similar to 
modern in Lake 30 suggest a southward shift of the ITCZ near the beginning of the LIA, relative 
to its more northerly position during the MCA, however, at centennial scales, from 1200 C.E. to 




organic gyttja in the 2000-year long Lake 30 sediment record, similar to the sediment 
accumulating today on Washington Island, therefore it is unlikely that the ITCZ sat directly over 
Kiritimati for a prolonged period of time during the last 2000 years. Neither the dry period 
marked at 1420 C.E. or the current wet period on Washington Island (1800 C.E.–present) seem 
to be reflected as coeval centennial hydroclimate anomalies at Kiritimati (Figure 2.8). We note 
that seasonal variations in the ITCZ (Dima and Wallace, 2003) could play a role in determining 
more nuanced interpretations of the past location of the ITCZ in the CTP but given the lack of 
knowledge about specific seasonal biases in most time-averaged sediment records, including our 
own, here we focus on the mean annual position. In sum, despite the lack of clear evidence for 
the mean location of the CTP-ITCZ during the LIA, the inferred wet/dry transition at 
Washington Island and dry/wet transition at Kiritimati from 1200-1400 C.E. still attests to a 
hydroclimate shift between the MCA and the transition into the LIA in the CTP. In the following 
sections, we examine the current catalogue of tropical Pacific hydroclimate records spanning the 
past two millennia to test if the observed CTP spatiotemporal hydroclimate patterns are 
consistent across the tropical Pacific. 
 
Centennial variations in tropical precipitation in the last millennium  
 Although the migration of the ITCZ can explain the MCA and MCA to LIA transition in 
the CTP, it may not be sufficient to explain hydroclimatic patterns across the tropical Pacific. To 
assess larger, pan-tropical Pacific spatial patterns of hydroclimate change, we plot the Z-scores 
of 21 hydroclimate-sensitive proxy records, averaged into century-long intervals (Figure 2.9). In 
the case of papers or records where multiple proxies were measured, we select a variable that 




2000 C.E. long-term mean and standard deviation, or the long-term mean and standard deviation 
of the record, if shorter. Taking all the tropical Pacific hydroclimate records at centennial-scale 
resolution as plotted in Figure 2.9, no consistent pattern of hydroclimatic change emerges during 
400-year averaged MCA and LIA periods (Figure 2.10). To further test the main hypotheses 
proposed for tropical Pacific hydroclimate change during the MCA and LIA, we also compare 
observed wet and dry anomalies from Figure 2.9 for the MCA and LIA versus expected wet and 
dry anomalies if the ITCZ had migrated, expanded/contracted, or if PWC strengthened/weakened 
during these two periods (Supplementary Tables A.8, A.9). These results are summarized in 
Table 2.2, where we show percent agreement as well as the categorical agreement index, Cohen’s 
!, which, unlike the simpler percent agreement, also accounts for agreement due to chance 
(Cohen, 1960).  Percent agreement ranges from 35-65%, and when also accounting for 
agreement due to chance, agreement is more limited, with low ! values overall (perfect 
agreement is represented by a value of ! =1). This may be partly due to oftentimes large 
differences in the timing of wet and dry anomalies, which rarely adhere to the typical time spans 
allocated to the MCA and LIA. This ultimately produces small average z-scores when a period 
has both a wet and dry anomaly. Thus, we also calculated agreement indices using only MCA 
and LIA averages for those records where average MCA and LIA z-scores were >|0.2|. Yet we 
still find weak support for all the proposed hypotheses, in both percent agreement (38-64%) and 
Cohen’s !, although we note that the highest agreement is for an LIA ITCZ shift. However, 
overall, the relatively low values for all hypotheses lead us to conclude we are not able to 
attribute tropical Pacific hydroclimatic variability over the last millennium to one mechanism. 
 Proposed forcing factors behind changes in last millennium tropical Pacific hydroclimate 




Interhemispheric energy imbalance is thought to play a role in ITCZ shifts (Schneider et al., 
2014). Such ITCZ movements of the last millennium may be externally forced, via the influence 
of volcanic aerosol or solar forcing amplifying internal coupled ocean-atmosphere dynamics. A 
cooler northern hemisphere during the LIA as a result of greater volcanic forcing (Atwood et al., 
2016) may have shifted the mean ITCZ position southward or caused a contraction from its 
northern extent in the CTP, whereas a warmer northern hemisphere during the MCA, especially 
in the North Atlantic, a result of enhanced solar forcing (Mann et al., 2009), may have shifted the 
ITCZ northward. A weaker PWC during the MCA has also been attributed to higher solar 
irradiance (Yan et al., 2011b), whereas a stronger PWC during the MCA could also be due to 
higher solar irradiance, due to the dynamical thermostat mechanism (Clement et al., 1996). 
Observations from the CTP do not support any particular forcing possibility, furthermore, it is 
important to consider that the larger collection of hydroclimate-sensitive proxy records from 
across the tropical Pacific show no coherent spatio-temporal pattern of hydroclimatic change 
during these time periods (Figure 2.10). We note that while spatio-temporal evidence from 
across the Pacific appears stochastic for the MCA and LIA at this time, unstructured ocean-
atmosphere patterns are not the only outcome of unforced climate variability, as structured 
spatial patterns could arise from internal variability alone (e.g. Wittenberg, 2009). This result 
indicates the null hypotheses—that centennial scale changes in hydroclimate across the tropical 
Pacific are unforced and a result of internal variability (e.g., Ault et al., 2017; PAGES Hydro2k 
Consortium, 2017)—requires further attention in future studies of last millennium tropical 






The Kiritimati Lake 30 sediment record, coupled with the record from Washington Lake, 
~3° to the north of Kiritimati, provides a southern limit to the possible migration of the CTP 
ITCZ over the last millennium. Our record indicates a relatively dry period on Kiritimati Island 
during the MCA, from 900-1200 C.E. Evidence of this dry period, coupled with the record from 
Washington Lake, is consistent with a more northerly position of the CTP ITCZ during the 
MCA. A gradual shift between 1200-1400 C.E. to sediments similar to modern in Lake 30 and a 
shift to even drier conditions at Washington Lake at 1420 C.E. suggest a southward shift of the 
ITCZ near the beginning of the LIA, relative to its more northerly position during the MCA. 
Evidence for ITCZ migration in the CTP could support either volcanic or solar forcing 
mechanisms, via amplifying internal coupled ocean-atmosphere dynamics, but a synthesis of 21 
hydroclimate-sensitive proxy records from across the tropical Pacific suggest no singular 
mechanism is capable of producing the temporal evolution of wet and dry anomalies observed 
during the MCA and LIA. Nevertheless, as the position and structure of the ITCZ can vary 
naturally on centennial timescales in the CTP, future changes, either natural, internal, or 
anthropogenic, will have implications for freshwater resources, drought, and flooding and their 







   











!13C FMC 14C yr 
BP  
 14C Error Calibration 
Curve 
Selected 2σ age 
range 
(cal yr C.E.)  
Median 
Prob.      
(cal yr C.E.)     
With Res. 
Effect     
(cal yr C.E.)        




-18.7 0.9972±0.0014 20 ±15 IntCal13 
pre-bomb 
1955–1956 (1) N.A -64 




-15.2 0.9208±0.0016 660 ±15 IntCal13 1360–1386(0.5) 1352 1410 
ISGSA3432 45.5 35 K614-
1A-1P 
seed -25 0.9012±0.0015 835 ±15 IntCal13 1169–1250(1) 1210 1268 




-16.1 0.8998±0.0016 850 ±15 IntCal13 1162–1221(1) 1194 1252 




-25.3 0.8601±0.0015 1210 ±15 IntCal13  769–882 (1)  821 879 




-12.3 0.8263±0.0013 1530 ±15 IntCal13  531–585 (0.7) 543 601 




1.7 0.7375±0.0011 2445 ±15 Marine13 196–40 B.C.E (1) -125 N.A. 
 
 
Table 2.1. Radiocarbon dates for Lake 30 cores. Core names correspond to cores pictured in Appendix A, Figure 2.2. N.A = not 










 All All >|0.2| >|0.2| 
Hypothesis Percent agreement Cohen's k Percent agreement Cohen's k 
MCA ITCZ northward 1 0.16 0.63 0.14 
LIA ITCZ southward 1 0.05 0.64 0.29 
MCA PWC stronger 0 0 0.44 0.00 
LIA PWC weaker 1 0.01 0.45 0.00 
MCA PWC weaker 1 0.19 0.56 0.15 
LIA PWC stronger 1 0 0.55 0.10 
MCA: ITCZ expansion 0 0 0.38 0.00 





Table 2.2. Percent agreement and Cohen's ! agreement statistics for 8 hydroclimate hypotheses 
tested with dataset in Figure 2.9. Cohen's ! values <0 are reported as 0. We consider both all 
available records (‘all’) and records with strong (>|0.2|) anomalies in the MCA and LIA 
(‘(>|0.2|’). Although the LIA ends in 1850, due to our century averaging, we average the period 


































Figure 2.1. Mean annual precipitation (mm day–1) across the tropical Pacific Ocean (1979–2010 
C.E., Adler et al., 2003). Circled numbers are referenced proxy locations. (1) % Ti, marine 
sediment, Cariaco Basin (Haug et al., 2001). Eastern Pacific: (2) Speleothem δ18O, Chilibrillo 
Cave (Lachniet et al., 2004). (3) Red color intensity, lake sediment, Laguna Pallcacocha (Moy et 
al., 2002). (4) % lithic concentration, marine sediment, Peruvian shelf (Rein et al., 2004). (5) Ca-
cps, scanning micro-XRF, Genovesa Crater Lake (Conroy et al., 2014). (6) Greyscale, 
Bainbridge Crater Lake (Thompson et al., 2017). (7) δDwater reconstruction from δDC24OL and 
diatom assemblages, lake sediment, Poza de las Diablas, Galápagos (Nelson and Sachs, 2016). 
From El Junco, Galápagos, lake sediment: (8a) % sand (Conroy et al., 2008). (8b) ratio of 
tychoplanktonic to epiphytic diatoms (T/E) (Conroy et al., 2009). (8c) δDbotryococcene (Sachs et al., 
2009). (8d) δDdinosterol. (Atwood and Sachs, 2014).  Central Pacific: (9) δD total lipid extracts 
(TLE), lake sediment, Washington Island. (Sachs et al., 2009). (10) Lake 30, this study. Western 
Pacific: (11) Mean grain size, Cattle Pond, Dongdao Island (Yan et al., 2011). (12) δDdinosterol, 
Spooky Lake, Palau (Sachs et al., 2009). (13) δDdinosterol, Clear Lake, Palau (Richey and Sachs, 
2016). (14) δDleaf wax, marine sediment, Makassar Strait (Tierney et al., 2010). (15) δ18O 
speleothem, Liang Luar Cave, Flores Island (Griffiths et al., 2016). From East Java, Indonesia: 
(16) δDleaf wax, Lake Lading (Konecky et al., 2013). (17) % TIC from Lake Logung (Rodysill et 




















Figure 2.2. Location of Kiritimati Island and Lake 30 (B). A) Aerial photograph of Kiritimati 
Island (Google Earth, 2017). B) Lake 30 (1.873˚N, 157.355˚W) and surrounding landscape 






















Figure 2.3. Age model for Lake 30. The age model is based on seven 14C ages measured on 
aquatic material (organics and microbial mats, in blue) and carbonate mud (pink) with reservoir 
correction, and a terrestrial macrofossil (seed, green). The shaded grey areas indicate more likely 
calendar ages, grey stippled lines show 95% confidence intervals, and red curve shows the 










Figure 2.4 (page 40). Lake 30 composite core lithology, x-ray fluorescence (XRF), loss on 
ignition (LOI), and mineralogical data.  Triangles indicate calibrated radiocarbon ages. XRF data 
for S/Ca (orange) and Sr/Ca (blue) are shown for cores 1A-1P, 2C-1L, 2C-2L, 2D-1B, 2E-1L, 
from left to right.  LOI data for 3 cores are indicated with: squares, 1A-1P, circles, 2C-1L, 
diamonds, 2C-2L. Mineralogy of core material is shown with smear slides observations, X-ray 
diffraction (XRD) analysis, and sediment samples, dashed lines indicate depth of sample in the 
composite core. Ar = aragonite, An = ankerite, B = brushite, C = calcite, G = gypsum. CM = Mg-
calcite, R = rhodochrosite. Small case letters correspond to pictures in Supplementary Figure 
A.1. Numbers next to microbial mats correspond to Supplementary Table A.2. XRF and LOI 









Figure 2.5. Kiritimati Lake 30 sediment record. a) S/Ca, b) Sr/Ca. Different shades of blue 
represent overlapping cores with 10-point running average, from darkest to lightest cores are 1A-
1P, 2C-1L, 2D-1B, 2C-2L, 1E-1L, raw data in grey. Percent LOI: c) residual, d) carbonate, e) 
organic. f) Ages of microbial mats. Location of 14C ages ± 1 " plotted at top. The data used to 
















Figure 2.6. Image of core section K2014-K614-2C-1Lwith XRF and LOI data superimposed, to 
match the time series data with a visual of the core material (S/Ca, white; Sr/Ca, red; % residual, 
black). Black circle indicates depth of gypsum detected in XRD. Arrows indicate dates 
































Figure 2.7. The Geochemist Workbench® evaporation models based on the chemistry of ground 
water from a well, brackish Lake 30, the ocean, and hypersaline lake. Solid lines are data from 
this study, dashed lines are data from 2002 (Arp et al., 2012). For the well and hypersaline lake, 
data are only from 2002. Mineral saturation status is indicated by the saturation index, where 












Figure 2.8. A) Comparison of central tropical Pacific lake records. S/Ca and Sr/Ca from Lake 30 
over lapping cores (blue lines) and #D from Washington Lake (black line) (Sachs et al., 2009). 
B) Schematic of mean annual modern (1979–2016 C.E.) precipitation (mm day–1) averaged from 
160˚ W–150˚W (solid line, Adler et al., 2003). Dashed line indicates proposed northward shift of 









Figure 2.9. Comparison of tropical Pacific hydroclimate records over the last 2000 years. All 
time series were normalized to standard Z-scores and averaged in century-long intervals.  Warm 
color squares indicate periods inferred to be drier than long-term mean, and cool colors indicate 
periods inferred to be wetter than long-term mean (based on author interpretations). Vertical 
boxes indicate approximate time periods for the MCA (900-1300 C.E., yellow) and LIA (1400-
1800 C.E., magenta). Squares with no data contain an ‘x’ pattern. Site numbers refer to records 
in Figure 2.1. Lake 30 data is the S/Ca time series (see Figure 2.5). Detailed methods for creating 
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Figure 2.10. Comparison of tropical Pacific hydroclimate records between the MCA (900-1300 
C.E.) and LIA (1400-1800 C.E.). All time series were normalized to standard Z-scores and 
averaged in century-long intervals, then averaged again for the MCA and LIA intervals. See 
Figure 2.9 for range of hydroclimate Z-scores within each time period. 
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CHAPTER 3: THE HYDROLOGICAL REPSONSE OF SUFACE WATER TO RECENT 
CLIMATE VARIABILITY: A REMOTE SENSING CASE STUDY FROM THE 
CENTRAL TROPICAL PACIFIC2 
 
ABSTRACT 
 For small tropical islands with limited freshwater resources, understanding how island 
hydrology is influenced by regional climate is important, considering projected hydroclimate and 
sea level changes as well as growing populations dependent on limited groundwater resources. 
However, the relationship between climate variability and hydrologic variability for many 
tropical islands remains uncertain due local hydroclimatic data scarcity and island remoteness.  
Here we present a case study from Kiritimati, Republic of Kiribati (2°N, 157°W), utilizing the 
normalized difference vegetation index (NDVI) to investigate variability in island surface water 
area, an important link between climate variability and groundwater storage. Kiritimati surface 
water area varies seasonally, following wet and dry seasons, and interannually, due to 
hydroclimate variability associated with the El Niño/Southern Oscillation (ENSO). The NIÑO3.4 
sea surface temperature (SST) index, satellite-derived precipitation, and local sea level all had 
significant positive correlations with surface water area, whereas correlations with gridded, open 
ocean estimated evaporation were not significant. Lagged correlations show sea level changes 
and precipitation influence surface water area up to 6 months later, indicating surface water 
memory of past hydroclimatic events or sea level shifts is short. Variable climate-surface water 
area correlations between island sub-regions suggest that surface hydrology on Kiritimati is not 
uniform in response to climate, but rather the magnitude of the ocean-atmosphere anomalies and 
island-ocean connectivity determine the extent to which sea level and precipitation control 
                                               
2 As of October 28, 2018, this chapter is in revision as: Higley, M.C., & Conroy, J. L., (201X). The hydrological 
response of surface water to recent climate variability: a remote sensing case study from the central tropical Pacific. 




variability of surface water area. The very strong 2015-2016 El Niño event led to the largest 
surface water area measured in the 18-year dataset. Surface water area decreased in a similarly 
rapid manner following both very strong, weak to moderate El Niño events. Thus, future changes 
to the frequency and amplitude of interannual hydroclimate variability as well as seasonal 
duration will alter surface water coverage on Kiritimati, with implications for freshwater 
resources, flooding, and drought.  
 
INTRODUCTION 
 Tropical Pacific islands with limited freshwater resources are anticipated to become 
increasingly vulnerable due to contemporary sea level rise and climate change (Burns, 2002; 
Holding et al., 2016; Nurse et al., 2014). For the approximately 1,000 populated islands in the 
tropical Pacific (White & Falkland, 2010), fresh water resources occur predominately in the form 
of thin groundwater lenses overlying seawater in highly permeable sediments (Falkland, 
Woodroffe, Vacher, & Quinn, 1997; Underwood, 1992), threatened by both growing human 
demand for water and environmental processes such as drought, surface flooding, salt water 
intrusion, and aridification (Karnauskas, Donnelly, & Anchukaitis, 2016; Nurse et al., 2014; 
Scott, Falkland, & Carpenter, 2003; White et al., 2007; White & Falkland, 2010). Surface 
flooding from high tides and storm surges, as well as coastal erosion have threatened, or even 
ruined, the quality of freshwater resources on tropical Pacific islands (Terry & Falkland, 2010; 
Yamano et al., 2007; Weiss, 2015). Additionally, surface water on tropical islands, while often a 
resource for nutrition and livelihood, is a potential environmental hazard, as water-born illnesses, 
degraded water quality, and infrastructure damage are products of the extremes of hydrologic 




aquifers is also a growing concern due to sea level rise, yet only a small number of studies exist 
showcasing this problem for small islands (e.g. Falkland & Woodroffe, 1997; Post, Bosserelle, 
Galvis, Sinclair, & Werner, 2018). Exacerbated by sea-level rise and climate change, these 
hazards are anticipated to impart continued hydrological stress on island nations in the 21st 
century and beyond (Ault, 2016; Bates, Kundzewicz, Wu, & Palutikof, 2008; Burns, 2002; 
Falkland & Woodroffe, 1997; Holding et al., 2016; Karnauskas et al., 2016; Karnauskas, 
Schleussner, Donnelly, & Anchukaitis, 2018; Nurse et al., 2014).  
 Despite the widespread evidence for climate-change related impacts on freshwater in the 
tropics, specific climate change impacts on freshwater are far from uniform (Nurse et al, 2014; 
Karnauskas et al., 2016; Woodroffe, 2008). Therefore, it is important to quantify baseline 
freshwater variability through the generation of continuous datasets at the local and regional 
scale. In particular, it is important to analyze the relationship between hydrologic variability and 
regional climate variability, as this information is vital to inform the impacts of future climate 
change for islands in the tropical Pacific (Nurse et al., 2014).   However, piecing together local-
scale climate variability and hydrologic variability for islands in the tropical Pacific, even in the 
instrumental era, remains a challenge due to lack of local, terrestrial, evaporation data, lack of 
high resolution digital elevation data, and local meteorological data that are often limited to 
discontinuous measurements of precipitation and temperature. Hydrological studies are also rare, 
as they are time-intensive and require monitoring well installation, instrumentation, and 
continuous monitoring, and must be long enough to capture climate variability and the 
freshwater response (e.g. Terry & Falkland, 2010; Post et al., 2018).  
 Kiritimati is a remote tropical island especially vulnerable to climate impacts on 




shallow, sensitive, groundwater lenses (Falkland & Woodroffe, 1997).  Limited information 
indicates groundwater on Kiritimati is strongly controlled by climate. In particular, recharge is 
controlled by hydroclimate variability associated with the El Niño/Southern Oscillation (ENSO), 
but the demand on groundwater resources exceeds natural recharge at Kiritimati, and 
groundwater over-pumping during drought periods has resulted in seawater intrusion into the 
aquifer (Falkland & Woodroffe, 1997). Recharge from high precipitation during El Niño events 
is crucial to maintaining freshwater supplies, as salt water intrusion due to over pumping can be 
temporarily reversed (Falkland & Woodroffe, 1997).  Although some freshwater lenses on 
Kiritimati are altered anthropogenically, the numerous pristine surface lakes across the island 
serve as potential windows into island-scale environmental conditions and groundwater. 
Accounting for environmental changes in the lakes is critical to our understanding of island 
hydrology, and climate dynamics regulating the hydrological cycle on Kiritimati.  
 In the absence of continuous on-the-ground hydrological measurements, remote sensing 
data can provide critical information on changing surface water area through time. The Landsat 
satellite(s) provides high-quality multispectral data for Earth’s land surfaces on an approximately 
bi-monthly basis (USGS, 2016) and with this multispectral data, we can observe changes to 
surfaces through time (USGS, 2016).  In this study, we present an 18-year dataset of surface 
water area variability on Kiritimati derived from Landsat imagery. We compare our time series 
of surface water variability with regional climate datasets and evaluate controls on lake area 








 Kiritimati, one of the Northern Line Islands, is a low-lying coral atoll located in the 
central tropical Pacific near the western edge of the Pacific cold tongue, where average SST is 
27˚C (Figure 3.1). Normally, the island is semi-arid: rainfall on Kiritimati averages 2 mm day-1 
(Figure 3.1). Wet and dry seasons from December to June and July to November, respectively, 
are controlled by the annual shifts of the Intertropical Convergence Zone (ITCZ) and its impact 
on the strength of the southwesterly trade winds, upwelling, and atmospheric convection.  
Interannually, precipitation is controlled by ENSO, resulting in anomalously wet years during El 
Niño events and droughts during La Niña events on Kiritimati.  Sea level at Kiritimati has a 
range of approximately 25 cm during normal years, but it subject to larger, ENSO-related 
variations in sea level. For example, during the 1997–1998 El Niño, sea level fluctuated by 50 
cm.  
Kiritimati has a unique morphology compared to other Pacific atolls, as the lagoon is 
located, asymmetrically, at the northwest side of the island (Figure 3.2). Surrounding the lagoon 
are tidal flats divided by reticulate coral platforms and escarpments which transition into large 
lakes enclosed by coral ridges. The interior plain is also pitted with many lakes surrounded by a 
calcareous hardpan surface (Woodroffe & McLean, 1998).  The outer rim of the island is 
generally higher than the interior, creating a semi-continuous, elevated ridge composed of sand 
and gravel (Woodroffe & McLean, 1998). Sand dune fields are located in several locations along 
the ridge, shorelines, and some interior locations, creating the highest points on the island 
(Woodroffe & McLean, 1998). Ocean side shorelines are composed of coral rubble and thin 
sandy beaches. The average elevation of Kiritimati ranges from sea level to 11 meters at the 




 The total surface area of the island is approximately 467 km2, but the interior contains 
more than 500 lakes, representing an area of approximately 80 km2 (17% of island surface). The 
lakes vary significantly in terms of size, depth, and biogeochemical properties. They range in 
size from mere potholes to the largest, the 15 km2 Manulu Lagoon (estimated from Google 
Earth, Google Earth, 2017) and range in depth from 11 cm to 7 m (Saenger, Miller, Smittenberg, 
& Sachs, 2006; Schoonmaker, Tribble, Smith, & Mackenzie, 1985; Valencia, 1977). The 
evaporative isolation of the lakes towards the interior of the island results in an extreme 
geochemical gradient, as the innermost lakes connected to the lagoon are hypersaline while the 
lakes located on the ridge, isolated from the lagoon, but in contact with outcropping freshwater 
lenses, are brackish (Saenger et al., 2006).  
 Vegetation cover on Kiritimati is characterized by scrubland, lowscrub, and grassland. 
The dominant vegetation types on the interior are Scaevola taccada, Suriana maritima, and 
Heliotropium.  Especially around the hypersaline lakes, Sida fallax can be found as part of the 
scrubland. Lepturus repens occurs in grassland along with Heliotropium, and Boerhavia 
tetrandra, and Sesuvium protulacastrum. The sandier soils and dunes areas are home to Lepturus 
repens.  Numerous stands of domestic coconut palms (Cocos nucifera) can also be found around 
the island (Thamann & Tye, 2015; Woodroffe & McLean, 1998).  
 The island is inhabited by approximately 6,400 people who live in 4 main villages 
(Mortate, 2016).  The largest village is London (1.983˚N, 157.475˚W), located on the tip of the 
northern peninsula. Tabwakea (2.038˚N, 157.493˚W) is a small depot on the crook of the 
northern peninsula arm, and Banana a small village located northwest of the airport (1.983˚N, 
157.365˚W).  Poland (1.865˚N, 157.552˚W) is the solitary village on the southern side of the 




the southern tip of the island (1.763˚N, 157.194˚W). Other major anthropogenic surficial 
modifications include numerous quarries and dug out ponds. Four main freshwater lenses have 
been mapped on Kiritimati. They are located near Tabwakea (known as the DECCA well field), 
Banana, Aeon Point, and near the Cecilia Peninsula (at Nei Naomi Well) (Figure 3.2) Twice 
yearly measurements taken from 1982 to 1991 at the DECCA well field show that the 
groundwater lens height varied interannually due to hydroclimate variability associated with 
ENSO and the thickness of the 4 freshwater lenses ranged from 0.45 m to 8 m (Falkland & 
Woodroffe, 1997).  
 
METHODS 
Deriving surface water time series from Landsat data 
 We obtained all Landsat 7 ETM+ and Landsat 8 OLI-TIRS products for years 1999 to 
2017 for Kiritimati Island (path 61, row 59) from the U.S. Geological Survey online data 
repository. During those years only 6 images exist where the island is completely cloud-free and 
this frequent cloudiness led us to utilize cloud-free sub-regions referred to hereafter as K1, K1b, 
K2, and K3 (Table 1, Figure 3.2). K1 is the Manulu Lagoon and surrounding area including 
many small ponds.  K1b is a 3.2 km2 subset of K1, consisting of small shallow ponds. K2 is an 
area of deep hypersaline lakes isolated from the lagoon by ridges of limestone (Saenger et al., 
2006).  Sub-region K3 is composed of large interior lakes located at the southeastern tip of the 
island isolated from the lagoon and likely connected to a freshwater lens, demarcated by 
freshwater lens observed at “borehole SE1” in Falkland and Woodroffe (1997). We performed 
all image analyses with Geographic Resources Analysis Support System (GRASS) 7.0, an open 




reduce the effect of tides, we masked the ocean and lagoon using a cloud-free Landsat image 
from September 16, 1999. Due to the reticulate nature of the lagoon-side shoreline, the mask 
extends into any pixel connected to the lagoon through tidal channel or mud flat. We derived the 
normalized difference vegetation index (NDVI) for the island on each image using Equation 1 
(Tucker, 1979), accounting for the different band assignments, for Landsat 7 ETM+ images, (B3, 
red; B4, near infrared (NIR)) and Landsat 8 OLI-TIRS (B4, red; B5, NIR) (USGS, 2016). The 
result is a percentage coded as a floating-point variable ranging from -1 to 1. Every pixel of 
island sub-aerial surface is assigned an NDVI value, resulting in approximately 1.23 ×107 values 
for each image. All island NDVI values were classified into two categories, one for water and 
one for unvegetated land and vegetation, which we refer to summarily as “land.” The NDVI 
value used to differentiate water and land was -0.35 or -0.20 for Landsat 7 and 0.02 Landsat 8 
data (Figure 3.3). The final value was determined by the NDVI value assigned to the airport 
tarmac, which if properly classified appeared in the land category, but if improperly classified 
appeared in the water category. Wet and dry periods are reflected in the amount of pixels 
categorized as water or land, example maps for wet and dry periods in each sub-region can be 
found in Figure 3.4. We generated the percent of water, land, and no data (if masked or missing) 
for each island image or island sub-region and calculated the ratio of water pixels to land pixels, 
referred to hereafter as the surface water time series or dataset.  
 








 To assess relationships with ENSO, we used the ERSSTv4 NIÑO3.4 index, derived from 
SST anomalies for 5˚N–5˚S, 120-170˚W (Huang et al., 2015). To examine the annual cycle, we 
used ERSSTv4 monthly averages for 1–3˚N, 155-157˚W (Huang et al., 2015). For precipitation, 
we used the Global Precipitation Climatology Project (GPCP v2.3) monthly precipitation dataset 
from 1979 to present, which combines gauge and satellite observations into a 2.5°x2.5° global 
gridded dataset (Adler et al., 2003). Monthly precipitation data and annual cycle data was 
downloaded for the grid cell containing Kiritimati (0.0–2.5˚N, 202.5–205˚W). Daily sea-level 
data at Kiritimati was obtained from the Joint Archive for Sea Level data (JASL, Caldwell, 
Merrifield, & Thompson, 2015) and averaged into a monthly time series. The station is located 
near London (1.983˚N, 157.483˚W), and data are available from 1974 to 2018.  Monthly 1°x1° 
gridded evaporation data, available from 1978 to present, integrating satellite observations with 
surface moorings, ship reports, and atmospheric model reanalyzed surface meteorology was 
downloaded from the OAFlux_V3 project for 1.5˚N, 157˚W (Yu, Jin, & Weller, 2008; WHOI, 
2017). For the evaporation annual cycle, we calculated the monthly means from 1978 to present. 
P-E was derived by subtracting GPCP precipitation data from WHOI evaporation data in 
mm/day, and linear interpolation was used to match the dates of the precipitation dataset to the 
evaporation dataset.  
 
Correlation with climate data  
 To investigate the seasonal cycle, we correlated the monthly mean of each climate 
variable with the monthly mean W/L ratios from each sub-region. To investigate the interannual 




the correlations through the subtraction of the long-term monthly mean from each monthly value 
for precipitation, sea-level, evaporation, and P-E time series.  To be consistent with the 
resolution of the surface water time series, we created a 3-month moving average for each 
climate time series by averaging the previous 2 months with each data point.  We matched the 
dates of the time series and climate variables by linear interpolation.  The Lilliefor’s test for 
normality was used to determine if climate data is nonparametric. All data were non-normal, 
therefore the Spearman’s rank correlation coefficient was used to investigate the relationship 
between the climate anomalies and four sub-regions W/L time series. The W/L ratio obtained 
from the Landsat imagery represents the environmental conditions on the day the imagery was 
collected, therefore we also investigated the memory of the surface water lakes by correlating the 
W/L time series with the previous 11 months of each climate variable.    
 
RESULTS 
 The surface water sub-region time series were constructed from 87 cloud-free or partially 
cloud-free images distributed unevenly from 1999 to 2017 (Figure 3.5). Of these, 36 were from 
the wet season (December to June) and 51 were from the dry season (July to November). Thus, 
this dataset is biased toward the dry season.  The surface water time series for the island and 
island sub-regions K1, K1b, K2, and K3 are shown in Figure 3.6. K1 surface water ratios range 
from 0.31 to 0.93. The data displays interannual variability from 1999-2017, with 10 periods of 
higher surface water area occurring during this time. K1b (n=63) ratios range from 0.001 to 0.52 
with periods of higher surface water area coincident with K1 periods. Sub-region K2 (n=52) 
ratios range from 0.36 to 0.73, the time series also displays interannual variability, but with 




occur from 1999 to 2017. The sub-region K3 (n=18) also shows interannual variability, but the 
range of variability is lower than the other sub-regions with ratios ranging from 0.21 to 0.6. 
Despite a low number of images, 5 periods of higher surface water area are apparent. Although 
there are few instances when data are available from the whole island and sub-regions on the 
same day (n=6), the total island surface water area ratios track with the variability of the sub-
regions.  
 To assess the seasonal variation in surface water area, we average the surface water data 
by month (Figure 3.7). Seasonal variation in the monthly means is prominent, with higher values 
in April-May during the height of the wet season, and lower values in September- November. 
The high and low values are offset between regions by a month, suggesting that lake surface area 
in island sub-regions responds differently to climate forcing or island geology. We see a 
resemblance between the surface water climatology and SST, precipitation and P-E 
climatologies, following the wet/dry seasonal cycle. Seasonal variation is also apparent in the 
evaporation data, with lower evaporation rates in the wet season, when surface water area is 
high, and higher rates in the dry season, when surface water area is low.  Seasonal sea level 
variations oppose the wet/dry annual cycle; the lowest levels occur in in the wet season, when 
surface water area is highest, suggesting P-E supercedes the influence of sea level on surface 
water area on seasonal timescales.   
 The sub-region surface water time series are highly correlated with several climate 
timeseries, increasing during periods of warmer SST, higher sea level, and higher precipitation 
(Figure 3.8). Data from recent years tracks especially well with the climate indices due to higher 
resolution in the surface water dataset. Despite broad consistency in surface water areas across 




between sub-regions. Spearman rank correlation coefficients indicate that all regions are 
significantly correlated with NIÑO3.4 SST and precipitation, but K1 and K2 are also correlated 
with sea level, while K1b and K3 are not (Table 3.2). Negative evaporation anomalies are 
associated with highest surface water values, but the correlations are weak and insignificant. The 
relationship between surface water and P-E is also defined by an insignificant correlation for K2, 
but K1b and K3 had a strong positive correlation with P-E, and K1 a moderate positive 
relationship with P-E.  (Table 3.2).  
We also assessed the relationship between the sub-region W/L time series and climate 
data in previous months to evaluate surface water area memory. Lagged correlations were 
significant for SST to 6 months prior, for precipitation, up to 4 months prior, and sea level, up to 
6 months prior. For K3, sea level was significant only in the 6th month prior. There is no 
significant relationship between the surface water dataset and evaporation of previous months, 
but for sub-region K1b, P-E was significant up to 3 months prior and for K3, up to 2 months 














Interannual drivers of surface water area  
 High surface water area on interannual timescales, shown in the W/L time series (Figure 
3.6, 3.8) closely tracks high SST, precipitation, and sea level.  Yet given the close coupling of 
SST, hydroclimate, and sea level on interannual timescales, it is difficult to isolate the role of 
precipitation, evaporation, and sea level in controlling surface water area. As we find 
insignificant correlations between evaporation and W/L in every sub-region, we conclude that 
interannual changes in evaporation are not a primary driver of surface water area. Lower 
evaporation rates associated with more saline waters (Salhotra, Adams, & Harleman, 1985), 
might cause evaporation to be less important for some lakes, considering the range of brackish to 
saline surface waters on Kiritimati.  There is also the possibility that the gridded evaporation 
product used may not reflect terrestrial evaporation on Kiritimati, as the product is not an 
adequate substitute for terrestrial surfaces (Karnauskas et al., 2016). Furthermore, this weak 
relationship highlights the importance of collecting pan evaporation data or calculating local 
evaporation for tropical islands in order to define regional moisture balance over land. 
 The positive correlations between the surface water area and precipitation are significant 
and strong in every sub-region, but only in sub-regions K1 and K2 is W/L correlated 
significantly with sea level.  K1 includes the hypersaline Manulu Lagoon, which is more 
connected to the main lagoon and ocean, and this likely explains the stronger relationship with 
sea level. K2 is surficially isolated from the lagoon and ocean, yet still has positive correlations 
between W/L and sea level, implying that sea level is linked to these lakes through the permeable 
bedrock.  K1b, within K1, displays no significant relationship with sea level. This area is found 




from seawater intrusions, receiving recharge only from precipitation. In sub-region K3, the lakes 
are also surficially isolated from the ocean, and this area has a strong positive relationship with 
precipitation. However, a significant relationship between K3 W/L and sea level 6 months prior 
indicates that K3 is also influenced by sea level through the permeable bedrock.     
 Falkland and Woodroffe (1997) found that precipitation exhibits control over the height 
of the freshwater lens, which has been found to recharge interannually, corresponding to El Niño 
events. Correlations between surface water sub-regions and precipitation from previous months 
are significant up to a 5-month lag, highlighting the relatively short memory of surface waters to 
climate forcing. That is, surface water rapidly increases following increased precipitation, but is 
quickly lost to groundwater infiltration and evaporation. This short lag time highlights that the 
contribution of the wet season precipitation to surface water area does not linger until the next 
wet season, or more than a few months. Even El Niño events do not appear to cause the surface 
water to expand for more than 5 months following the termination of the event precipitation. We 
cannot evaluate the controlling factor of groundwater flux on the surface water area, but 
groundwater may continue to contribute to surface water area after precipitation or sea level 
anomalies, due to the movement of groundwater through island lenses, and changes in freshwater 
lens thickness and elevation (Underwood et al., 1992).  
Significant correlations between surface water area and sea level also extend to 5 months 
prior.  One plausible explanation for this lag is that the lakes are connected to the ocean and/or 
lagoon through groundwater fluctuations. Although we reduced the effect of sea level changes on 
our calculations by masking the main lagoon, and by making calculations on sub-regions that are 
not directly connected to the main lagoon, this does not eliminate the influence of water moving 




permeable aquifer to the lakes (e.g. Terry and Chui, 2012). Atoll hydrology modelling indicates 
that tidal influence can grow or shrink the amount of seawater mixing in the aquifer space 
(Underwood et al., 1992). In one sand and gravel aquifer, permeability is 6 m day-1 (Falkland & 
Woodroffe, 1997), therefore rapid adjustment of groundwater storage is expected and could 
influence the lakes.  
  
Seasonal Influences on Surface Water 
 The seasonal cycle of surface water area (Figure 3.7) shows low surface water area 
during the dry season and high surface water area during the wet season, peaking in March and 
April, when precipitation is at its maximum. While evaporation does not appear to be a dominant 
control on interannual surface water area, it may contribute to low surface water area in 
September and October, when precipitation is low and evaporation is high. Interannually, the 
relationship between sea level and surface water is strong and positive, but the seasonal sea level 
cycle has a strong negative correlation with surface water (Figure 3.7). It is also the only variable 
that has a significant, climatological relationship with W/L (Figure 3.8, Table 3.2). However, the 
negative correlation coefficients suggest that this relationship is the result of other, coupled 
processes that concomitantly lower sea level and increase W/L.  
 
Surface water area during specific La Niña and El Niño events  
 The El Niño event of 2015-2016 provides a case study for the contribution of 
anomalously high precipitation to surface water expansion. During this El Niño, which began in 
January of 2015 and ended in May 2016 (based on NIÑO3.4 values) 26 cm of rain fell on 




expanded to its the highest value in the 18-year record for each sub region.  The difference 
between pre-event surface lake area (January 2014) and the El Niño maximum lake area (August 
2015) corresponds to 12 km2 of lake expansion.  During this El Niño, surface water area values 
de-coupled from the NINO3.4 and sea level time series and tracked the precipitation time series 
more closely.  Sub-region surface W/L values begin to covary with NIÑO3.4 and sea level as the 
El Niño subsides, returning to baseline on October 2016, 4 months after the final month of 
anomalous rainfall (Figure 3.8). We note that K1b, consisting only of shallow, brackish ponds, 
had its maximum surface water area in April 2016, three months later than K1.  This indicates 
that water might move laterally from the larger lakes to the ponds in K1b and exhibit some 
storage properties related to a shallow aquifer, or that K1b is acting a local recharge zone. 
However, due to lack of images during this El Niño, we cannot examine the time of the lag 
between the two areas on shorter timescales.  
 In contrast to the 2015-2016 El Niño, the very weak El Niño of 2014-2015 did not 
manifest in months of anomalous rainfall on Kiritimati. Only a rise in sea level from January 
2014 to July 2014 and one month of anomalously high rainfall in May 2014 occurred during this 
El Niño.  An increase in surface water area occurs from April 2014 to July 2014, overlapping but 
preceding the peak of El Niño rains in May 2014 (Figure 3.9).  The moderate El Niño of 2009-
2010 shows a combination of the patterns observed in 2015 and 2014, where sea level and 
surface water lakes ramp up over nine months without a coincident precipitation anomaly, 
followed by a precipitation anomaly, and further increase in surface water area.  In sum, the 
change in surface lake area during the initial increase in sea level during El Niños indicates that 




anomalous rainfalls of 2009 and 2015 induced even greater surface water expansion following 
subsequent sea level declines (Figure 3.9).  
 Drought periods are associated with La Niña events in the central tropical Pacific (White 
et al., 2007; White, Falkland, & Scott, 1999b) resulting in reduced rain tank storage (White et al., 
2007) and freshwater lens thickness (Falkland & Woodroffe, 1997). The surface water area on 
Kiritimati also reflects the influence of La Niña, as reduced surface water area corresponds to 
low SST anomalies occurring during La Niña (Figure 3.9). Relative to the long-term surface 
water mean, the strong La Niña event in 1999-2000 and weak event in 2005-2006 led to a 
maximum reduction of W/L values of 0.17 and 0.08, respectively, while the weak and very 
strong El Niño events in 2009 and 2015 led to maximum W/L increases of 0.07 and 0.44, 
respectively (Figure 3.9). In these examples, the strong La Niña is associated with a smaller 
change in surface water amplitude versus the strong El Niño, highlighting asymmetry in the 
surface water area response to ENSO. Additionally, the El Niño events led to longer periods of 
high surface water area (13 months in 2015-16 and 8 months in 2009-10 versus periods of low 
surface water area during La Niñas (6 months in 1999-2000, and 6 months in 2005-06).  
In terms of the memory of surface water area to prior El Niño and La Niña events, we 
find that ENSO frequency and amplitude are also important for surface water storage. Following 
the moderate 2009-2010 El Niño, it took eight months for the surface area to return to baseline, 
and in the five months between the 2014-2015 and 2015-2016 El Niño events, the surface water 
area did not return to baseline. Although we have only 2 data points for K2 during those five 
months, the surface water area appears to ramp up into the 2015-2016 El Niño immediately on 
the heels of the weak 2014-2015 event. Following the very strong 2015-2016 El Niño, the 




of an effect on surface water memory, as the La Niña events in 1999-2000 (strong) and 2005-
2006 (weak) correspond to a dip to baseline for only one month, and in both cases, the surface 
water expanded again before the end of the SST event and corresponded with a rise in sea level. 
Therefore, the influence of El Niño on surface water memory last a few months (Table 3.2), but 
La Niña events correspond to short-lived baseline conditions (Figure 3.9). The short duration of 
the La Niña baseline conditions appear, at least in part, because of buffering from interannual 
sea-level oscillations.  
 
CONCLUSIONS 
On tropical coral atoll islands, surface hydrology is a critical link between climate 
variability and groundwater resources. This work provides a case study showing the utility of 
Landsat imagery for documenting changes in surface water area in these remote, data-scarce 
tropical locations. On Kiritimati, in the central tropical Pacific, interannual and seasonal 
variability in surface water area is driven by regional SST, its impact on precipitation, as well as 
sea level over the last 18 years, providing observational evidence for the surface link between 
freshwater resources and climate variability on this central tropical Pacific coral atoll. An 
assessment of the surface water relationship with regional climate indicates that surface water 
area expands in response to anomalous local sea level increases, compounded by anomalous 
precipitation associated with El Niño events. The 2015-2016 El Niño event, the largest on 
record, produced the largest surface water area increase in the 18-year dataset. Lagged 
correlations indicate that surface water area is elevated up to 6 months after periods of 
anomalously high sea level and precipitation, suggesting that the surface water storage is far 




recharge. This relationship between climate and surface water area suggests that future changes 
to interannual or seasonal variability may have significant hydrological consequences, altering 
the timing and magnitude of surface water coverage on Kiritimati. As future hydrological stress 
could be unique to individual tropical islands, many of which are projected to undergo 
substantial changes in freshwater resources, localized assessments of climate stressors to island 
hydrology, as exemplified by this study, will help inform freshwater stress projections for the 






















 Corner Latitude (˚N) Longitude (˚W) Area (km2) 
K1 NW 1.980 -157.390 62 
 NE 1.980 -157.306  
 SE 1.923 -157.306  
 SW 1.923 -157.390  
K1b NW 1.980 -157.356 3.2 
 NE 1.980 -157.336  
 SE 1.966 -157.336  
 SW 1.966 -157.356  
K2 NW 1.899 -157.405 47 
 NE 1.899 -157.344  
 SE 1.839 -157.344  
 SW 1.839 -157.405  
K3 NW 1.757 -157.244 36 
 NE 1.757 -157.173  
 SE 1.702 -157.173  
 SW 1.702 -157.244  
Island NW 2.064 -157.607 2360 
 NE 2.064 -157.076  
 SE 1.642 -157.076  
 SW 1.679 -157.607  
 
 
Table 3.1. Coordinates and area of assessed regions. Analyses were performed on the whole 
island, and four sub-regions, K1, K1b, K2, and K3, according to the latitude and longitude in this 

















Months 0 1 2 3 4 5 6 7 8 9 10 11 
Sub region K1 !! !! !! !! !! !! !! !! !! !! !! !!
NIÑO3.4 0.79% 0.74% 0.64% 0.52% 0.38% 0.24! 0.11! 0.03! (0.04! (0.08! (0.13! (0.17!
Precipitation 0.68% 0.67% 0.53% 0.33% 0.19! (0.08! (0.14! (0.16! ,0.27% ,0.27% ,0.25% (0.25!
Sea level 0.71% 0.66% 0.62% 0.59% 0.64% 0.61% 0.41% 0.30% 0.23! 0.13! 0.13! 0.06!
Evaporation (0.24! ,0.27% ,0.27% ,0.33% (0.15! (0.03! 0.22! 0.22! 0.20! 0.04! 0.11! (0.02!
P–E 0.48% 0.33% 0.20! 0.06! (0.09! (0.16! (0.14! (0.13! (0.14! (0.15! (0.13! (0.05!
Sub region K1b !! !! !! !! !! !! !! !! !! !! !!
NIÑO3.4 0.53% 0.59% 0.60% 0.59% 0.55% 0.47% 0.39% 0.30% 0.23! 0.16! 0.09! 0.05!
Precipitation 0.74% 0.51% 0.76% 0.69% 0.63% 0.29% 0.06! 0.11! 0.00! 0.05! 0.10! 0.05!
Sea level 0.25! 0.26! 0.22! 0.20! 0.27% 0.34% 0.33% 0.33% 0.33% 0.29! 0.24! 0.18!
Evaporation (0.09! (0.06! (0.14! (0.14! (0.04! (0.01! 0.17! 0.18% 0.22! 0.13! 0.10! (0.13!
P–E 0.79% 0.62% 0.40% 0.16! (0.02! (0.05! (0.01! (0.02! (0.05! (0.05! (0.03! 0.05!
Sub region K2 !! !! !! !! !! !! !! !! !! !! !! !!
NIÑO3.4 0.52% 0.56% 0.58% 0.57% 0.53% 0.50% 0.46% 0.41% 0.34% 0.27! 0.19! 0.11!
Precipitation 0.52% 0.41% 0.56% 0.55% 0.42% 0.26! 0.22! 0.23! 0.11! 0.05! 0.04! 0.01!
Sea level 0.31% 0.34% 0.32% 0.35% 0.39% 0.39% 0.37% 0.28! 0.33% 0.30! 0.30! 0.29!
Evaporation 0.16! 0.15! 0.00! (0.15! (0.11! (0.13! 0.00! 0.01! 0.01! 0.00! (0.03! (0.15!
P–E 0.24! 0.24! 0.23! 0.18! 0.08! 0.04! (0.07! (0.14! (0.20! (0.24! (0.24! (0.22!
Sub region K3 !! !! !! !! !! !! !! !! !! !! !! !!
NIÑO3.4 0.64% 0.75% 0.83% 0.85% 0.83% 0.78% 0.68% 0.53% 0.37! 0.21! 0.08! (0.03!
Precipitation 0.56% 0.72% 0.66% 0.77% 0.74% 0.65% 0.53! 0.37! 0.10! (0.21! (0.25! (0.09!
Sea level 0.43! 0.39! 0.43! 0.47% 0.52% 0.55% 0.65% 0.47% 0.22% 0.06! 0.13! 0.17!
Evaporation 0.09! (0.38! (0.27! (0.27! (0.44! (0.10! (0.19! 0.23! 0.15! 0.16! 0.04! 0.32!
P–E 0.91% 0.83% 0.63% 0.41! 0.25! 0.03! (0.34! (0.50! ,0.55% ,0.59% ,0.58% ,0.52%
 
Table 3.2. Spearman's Rank correlation between climate anomalies and surface water sub-region time series for month 0 and previous 
11 months. Month 0 values are discussed as main sub-region correlations. Months 1 to 11 are discussed as the lag values.  Bold 
numbers are significant at the 95% confidence interval (p<0.05). Bold and highlighted numbers are significant at the 95% confidence 













Figure 3.1. Location of study site (yellow dot) and mean annual A) ERSST4 sea surface temperature (SST) (˚C) 1854-2018 (Huang et 







Figure 3.2. Kiritimati Island. Boxes indicate areas of calculation which include the whole island and sub-regions K1, K1b, K2, and 







Figure 3.3. A) Example normalized difference vegetation index (NDVI) map for Kiritimati from 11/3/1999. B) Example map based on 









Figure 3.4.  Maps derived from Landsat imagery. Kiritimati sub-regions show differences in lake 
surface area between low (A, C, E, from November 3, 1999) and high-water periods (B, 






















Figure 3.6. Water to land ratios for the A) whole island (blue squares), B) sub-region K1 (cyan 
circles), C) sub-region K1b (cyan diamonds), D) sub-region K2 (orange diamonds), E) sub-









Figure 3.7. Mean monthly water to land (W/L) ratios for sub-regions K1, K1b, K2 and K3. Mean 
monthly sea level at Kiritimati (JASL, Caldwell et al., 2015), sea surface temperature (SST) 
(ERSSTv4, Huang et al., 2015), evaporation (WHOI, 2017), P-E, and precipitation (1979 to 
2017, Adler et al., 2003). Bold shapes indicate only one measurement exists for that month. R-
values listed for sub-region and climate indices, in same order as key. Significant r-values are 







Figure 3.8.  Surface water sub-region time series Z-scores, whole island (blue squares), K1 (cyan 
circles), K1b (cyan diamonds), K2 (orange diamonds); K3 (yellow triangles) plotted with climate 
anomalies A) sea surface temperature (SST) (NIÑO3.4 Index, Rayner et al., 2003), B) Kiritimati 
sea level (JASL, Caldwell et al., 2015). C) precipitation (GPCP, Adler et al., 2003), D) 
evaporation (WHOI, 2017), and E) P-E. Dark grey bars represent El Niño and light grey bars 











Figure 3.9. Scatterplot showing water to land (W/L) ratios and A) NIÑO3.4 sea surface temperature (SST) (˚C), B) precipitation 
anomaly, and C) sea level anomaly as z-scores.  K1 (cyan circles), K1b (cyan diamonds), K2 (orange diamonds), K3 (yellow 
triangles). Dashed lines indicate baseline water to land (W/L) values, colors correspond to sub-region shapes. Blue outlines indicate 
values during the 1999-2000 La Niña event (NIÑO3.4 <-0.4 ˚C). Black outlines indicate values during the 2005-2006 La Niña event. 
Red outlines indicate values during the 2015-2016 El Niño event (NIÑO3.4 >0.4 ˚C). Magenta outlines indicate values during the 
2009-2010 El Niño event. Arrows in C) indicate that sea level anomaly can become negative while W/L is still high, due to 
precipitation anomalies following sea level declines during El Niño events.
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CHAPTER 4: SEDIMENT CHARACTERISTICS AND CHRONOLOGY OF AEOLIAN 





  Aeolian deposits on Kiritimati, Republic of Kiribati, a low-lying coral atoll in the central 
tropical Pacific (CTP), are a potential paleoenvironmental archive for terrestrial changes 
associated with Pacific climate variability and landscape disturbance. Radiocarbon assays of 
paired organic–inorganic materials picked from paleosols observed in shallow dune excavations 
indicate three periods of dune activity, punctuated by development of weak color-cambic soil 
horizons. The dune sand is composed of coral reef fragments and marine organisms, primarily 
foraminifera. Radiocarbon dates on foraminifera, representing maximum ages, indicate that 
aeolian sediment was deposited 3220 ± 90 cal years B.P., to 310 ± 64 cal years B.P.  A paleosol, 
evidence for a period of dune stability, dates to approximately 760 ± 30 cal years B.P (1190 ± 30 
C.E.). Although the duration of paleosol formation is uncertain, the timing of the paleosol 
coincides with a switch from drier to wetter conditions indicated by a Kiritimati lake sediment 
record.  Calibrated, post-bomb radiocarbon ages from the late 1950’s C.E. in the uppermost 
sediments to the paleosol surface boundary point to recent erosion followed by rapid deposition 
of the upper aeolian facies in the last several decades. We infer the surface of the paleosol was 
exposed in the 1950’s and 1960’s C.E., coincident with the occupation of Kiritimati by 
thousands of servicemen conducting atmospheric hydrogen bomb tests, suggesting that military 
occupation caused destabilization and remobilization of the dune surface, along with the 
possibility that nuclear fallout or intense heat disturbed the vegetation and led to destabilization 
of the dune surfaces. Based on this nascent chronology, dune systems on Kiritimati appear 
sensitive to landscape disturbance, yet prior to the mid 20th century military operations, may 
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reflect predominantly large-scale shifts in central tropical Pacific atmospheric moisture, and 
therefore represent a useful terrestrial archive of regional climate.  
 
INTRODUCTION 
 For small tropical islands with limited resources, understanding the sensitivity of the 
landscape to changes in regional climate and the impact of growing human populations is 
important, considering the scarcity of agricultural and freshwater resources (Hernández-Delgado, 
2015; White and Falkland, 2009). Documenting terrestrial environmental change associated with 
Pacific climate variability and landscape disturbance requires continuous sedimentary archives. 
Not only are island lake sediments a potential repository for centuries of climate variability (e.g. 
lake sediments, Richey and Sachs, 2016; Sachs et al., 2009), but they may also contain evidence 
of regional environmental changes associated with ocean-atmosphere variability (e.g. Conroy et 
al., 2015), and anthropogenic impacts on the landscape (e.g. Siegel et al., 2015) and nearshore 
sediments (e.g. Carilli and Walsh 2012). Paleoenvironmental reconstruction, specifically on 
semi-arid, low-lying coral atolls, remains a challenge, in part because high decomposition rates 
and low rainfall retard soil development and sediment accumulation over millennia. However, 
coastal aeolian deposits provide an approach to detecting landscape sensitivity to periods of 
environmental change (e.g. Muhs et al., 2009; Forman et al., 2015; Kratzmann and Hapke, 
2010).   
 Coastal aeolian deposition is controlled by sediment availability and sediment transport, 
mediated by numerous factors (e.g. Gares, 1988). Beach width changes related to seasonal and 
multi-decadal oscillations control the amount of sediment exposed for entrainment (Davidson-
Arnott and Law, 1996; Nordstrom and Jackson, 1992). However, changes in sea level do not 
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result in predictable coastal dune activity. For example, a lowering of sea level can expose a 
beach, providing sediment to be entrained, sorted, and deposited into a dune system, but a sea 
level transgression can also deposit sediment into a beach-dune system (Pye and Tsoar 1990). 
Regional climate variability also impacts dune systems. Vegetation cover, which acts to stabilize 
dune surfaces, varies in response to changes in rainfall and humidity (Tinley, 1985). Periods of 
enhanced aeolian activity are also associated with aridity (e.g. Campbell et al., 2010), as well as 
storminess (Clarke and Rendell, 2006), and wind strength (Lancaster et al., 2002; Lindhorst and 
Betzler, 2016). Despite the dominance of a particular climate regime, sand supply can be the 
controlling factor on dune formation (Hugenholtz, 2010; Hugenholtz et al., 2008). These various 
controls on dune activation and dune development can be preserved in sediments and 
stratigraphy as records of paleoenvironmental information (Fitzsimmons et al., 2009). However, 
record preservation can be incomplete due to reworking of deposits, resulting in unclear 
paleoenvironmental proxies in dune sediments (Fitzsimmons et al., 2009).  Despite potentially 
limited resolution in paleoenvironmental reconstruction within dune sands, buried surfaces are 
important indicators of past dune development and climate (Fitzsimmons et al., 2009, Tabor and 
Myers, 2015). Buried surfaces, occurring as paleosols, bounding surfaces, or evaporite crusts, in 
dune environments are consistent with periods of dune stability related to shifts in climate (e.g. 
Fitzsimmons et al., 2009; Arbogast et al., 2004). Paleosols in dunes are also tied to dune stability 
related to major shifts in water levels (e.g. Arbogast et al., 2004; Loope and Arbogast, 1999).  
 Aeolian deposits occur in intermittent patches along the coast and inland areas of 
Kiritimati Island, but despite the prominence of the dune fields as the highest points on the 
island, the characteristics and chronology of Kiritimati dune development have not been the 
focus of previous investigations. To understand potential paleoenvironmental history of the 
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Kiritimati dune sediment, this study presents new field data on the composition and nascent 
chronology for the coastal dunes. Our results are used to explore the hypothesis that 1) dune 
formation began soon after the mid-Holocene rise in sea level, 2) humid period(s) on Kiritimati 
led to dune stabilization, 3) a dry period dating from 900 to 1300 C.E. led to dune remobilization 
(Higley et al., 2018), and 4) a mid-20th century military activity and atmospheric hydrogen bomb 
testing led to a recent episode of dune erosion and remobilization.   
 
STUDY AREA 
 Kiritimati, Republic of Kiribati (1.9° N, 157.4° W, Figure 4.1), the largest of the northern 
Line Islands located in the central tropical Pacific, is composed of Holocene carbonate sand and 
gravel deposits on a Pleistocene coral reef platform (Falkland and Woodroffe, 1997). A rim of 
partially lithified Holocene sediments forms the perimeter around the low-lying interior plain and 
lagoon (Falkland and Woodroffe, 1997).  Dune fields occur as patchy areas in the interior plain 
and along the coast, forming the highest elevations on the island. The highest elevation is 
approximately 11 m.a.s.l. at Joe’s Hill (Woodroffe and McLean, 1998). Dunes are partially 
vegetated with patchy scrub composed dominantly of Lepturus repens and Scaevola taccada. 
The dunes are semi-active, based on partial vegetation cover and ripples on dune surfaces 
observed in satellite imagery.  Although the patchy nature of the vegetation obscures most dune 
limbs in the satellite imagery (Figure 4.1), parabolic dunes and blowouts are the dominant dune 
forms, the limbs pointing to the east, as the dune pictured at site 2a in Figure 4.1. Some dunes 
also occur with longitudinal geometry, for example at site 5 in Figure 4.1.   
 The climate at Kiritimati is semi-arid with an average rainfall of 2 mm day -1 (1979–2018, 
Adler et al., 2003). The wet season, from December to June, and the dry season, from July to 
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November, are controlled by the annual shifts of the Intertropical Convergence Zone (ITCZ) and 
its impact on the southeasterly trade winds.  Interannually, precipitation is controlled by the El 
Niño/Southern Oscillation (ENSO), which brings anomalous rainfall amounts to the central 
tropical Pacific during El Niño events and droughts during La Niña events. Wind direction 
measured at the island airport (Cassidy Airfield, 1.99° N, 157.35° W) prevails from the southeast 
and averages 4.5 m/s (2010 to 2018) with a maximum gust of 39 m/s recorded on November 24, 
2011 (Figure 4.2). Due to the short time range of the available local wind data, 10 m NOAA-
CIRES 20th Century Reanalysis V2c wind speed is also shown in Figure 4.2, with the airport 
wind anomaly for comparison (Compo et al., 2011).  The wind intensity is related to ENSO, as 
the easterly trade winds weaken during El Niño and intensify during La Niña due to an enhanced 
pressure gradient between the eastern and western Pacific (Luther et al., 1983; Philander, 1983). 
Despite the variable wind strength and precipitation related to ENSO, Kiritimati is not subject to 
large storms or cyclones due to the diminishing Coriolis forces near the equator (Anthes, 1982; 
Gray, 1968).      
 
METHODS 
Sample collection  
 A borrow pit with an exposed paleosol initiated interest in this study during a prior 
expedition. Subsequently, a field survey of dune deposits was conducted in June 2017. Samples 
were collected from dunes identified with satellite imagery and the Kiritimati Island map 
(Google, 2018; Kiritimati, 1984). Thirteen locations at 5 dune fields were studied. In order to 
understand heterogeneity in the dunes, the sediment was logged and sampled at multiple depths 
in the dunes, targeting the crest of the dunes, the lee of the dunes, and the sand sheet inland of 
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the dunes. With the exception of the borrow pit exposure, which was not detectable in 2017, no 
natural sediment exposures were found, so the deposits were investigated and sampled with soil 
auger and soil pits dug in the stable part of the slope. When auguring from dune crests, samples 
were collected when a major change in sediment color occurred. Soil pit walls were sampled 
every 10 cm.  
 Particle size analysis was conducted using a Mastersizer 3000 laser diffraction particle 
size analyzer coupled with a Hydro MV dispersion unit. For particle size analysis preparation, 
sediment was passed through a 2 mm sieve to ensure anything larger would not damage the laser 
diffraction window. Samples were pretreated with 30% H2O2 to remove organics, when reaction 
ceased the sediment was centrifuged and decanted 3 times to remove excess H2O2. To 
disaggregate particulates, NaPO3 was added to sample prior to measurement. Each sample was 
measured 5 times and averaged, and results are reported in volume percent abundance.    
Sediment mineralogy was determined with X-ray diffraction (XRD) analysis on 
representative samples from each facies. Samples were prepared as bulk sediment, but two 
samples of isolated foraminifera and soil nodules were also analyzed. Samples were centrifuged 
in deionized water 3 times to remove soluble salts, then treated with 30% H2O2   to remove 
organics and dried in oven at 50˚C (Last and Smol, 2001, Cook et al., 1975). Dry samples were 
ground into a powder with an agate mortar and pestle (Cook et al., 1975). The samples were 
analyzed on a Siemens-Bruker D5000 at the Frederick Seitz Materials Research Laboratory at 
the University of Illinois with the following settings: incident angle of 5˚ to 90˚, increment of 
0.02, scan speed of 1˚min-1. Sediment mineral components were analyzed with Jade+ 9.5 
software. The Rietveld Refinement was applied to determine mineral phase percentages for each 
sample (Rietveld, 1969). 
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 Loss on ignition (LOI) was used to determine the relative abundance of carbonate, 
organic matter, and residual components of the dune sediment based on the method by Heiri et 
al., (2001).  Approximately 0.6 g of sediment was rinsed with deionized water to remove salts 
and sediment was dried at 50°C. Dry sediment was transferred to clean, dry crucibles and 
weighed. Samples were burned at 550°C for 2 hours in a muffle furnace to remove organic 
content. The crucibles cooled overnight in the muffle furnace before weighing.  Samples were 
then burned at 1050°C for 4 hours to combust carbonate and remained in the furnace overnight to 
cool before final weighing. Percent organic content, carbonate, and the residual were calculated 
based on the mass of the combusted material relative to the original, dry mass.  
 The chronology of dunes was explored by dating inorganic and organic matter picked 
from dune sand from the top, middle, and bottom of selected dunes. When possible, organic–
inorganic pairs of radiocarbon measurements from terrestrial macrofossils and foraminifera, 
respectively, were compared to establish maximum ages and the inorganic ‘reservoir’ age (Table 
4.2). For the nine inorganic samples, intact, well-preserved tests of Amphistegina radiata were 
picked from the sand. Approximately 25–30 foraminifera tests were pre-treated with 10 % HCl 
to remove secondary carbonates on the outer test. Ten terrestrial macrofossils were pretreated 
with standard HCl-NaOH-HCl. All radiocarbon measurements were conducted at the Keck-
CCAMS, University of California-Irvine. The modern dates were calibrated using the 
CALIBomb program using the Northern Hemisphere Zone 3 (NHZ3) which includes our study 
area (Hua et al., 2013). The pre-modern dates were calibrated using the IntCal13 pre-bomb 
calibration curve (Reimer et al., 2013; Stuiver et al., 2018) for organics, and the inorganic 
foraminifera ages were calibrated using the MARINE13 calibration curve with a Delta R of 




 For all sites, auger hole and soil pit locations are pictured in Figure 4.1 and reported in 
Table 4.1. Dunes fields 1–4 are located on the northeastern shore of the island, between the coast 
and the road. Site 1 is located 16 km south from the Cassidy Airfield, along the road. This site is 
colloquially known as Joes’ Hill (Kiritimati map, 1984). At site 1, samples were collected at 5 
locations. Auger hole 1A (1.45 m to substrate) is located at the northern edge of the dune field at 
the crest of the ridge (Approximately 11 m above sea level, Woodroffe and McLean, 1998).  
Auger hole 1B (2.23 m) is located 450 m southeast of 1A along the crest of the dune, 
approximately 1 m downslope of the crest, the auger did not hit substrate. Soil pit 1C was dug 
into the lee of a small dune on the backside of the blowout area inland of the main dune ridge.  A 
sediment sample was collected from the beach near site 1A. Auger hole 1D (2.2 m to substrate) 
is located inside the blowout, 10 m to the north of the soil pit. Site 2 is located 1.75 km southeast 
of 2A. This site is a blowout area located on an elevated dune ridge.  Soil pit 2A is located on the 
highest point of the ridge, along the northern edge of the blowout. This pit showed poorly 
developed horizons alternating between clean sand and light brown sand, and a nearby auger 
hole (unnamed) showed no changes in stratigraphy in the top of the dune.  Soil pit 2B is located 
approximately 10 m lower than the crest of the dune, on the dune back side of the dune.  Site 3 is 
located approximately 4.5 km southeast of site 2. The dune ridge is low and wide at this location, 
and samples were collected in soil pit 3A, located on the back side of low, wide, dune ridge 
(~2m high).  Site 4 is located approximately 5 km southeast of site 3. Samples were collected at 
three locations on the top, middle and bottom of the dune ridge. Auger hole 4A (2.1 m) is located 
on the top of the blowout and did not reach substrate. Soil pit 4B is located on the backside of the 
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dune, below 4A.  Auger hole 4C (1.35 m) is located on the bottom of the dune, and substrate was 
reached. Site 5 is located on the southwest shore of the island, northwest of the Cecelia 
Peninsula, 150 m north of the main road. This area is characterized by low (approximately 1 m 
high), longitudinal dune ridges with sinusoidal crests. Sample site 5A is a soil pit on the inland-
facing side of a dune ridge.  
 
Sediment descriptions and lithology 
 All dune and beach samples are composed of coral fragments, foraminifera tests, sponge 
spicules, mollusk shells fragments, sea urchin spines, marine gastropods, and fish bone 
fragments. The grains are sub-angular to sub-rounded but vary in shape reflecting to the original 
forms of the various marine organisms. The aeolian sand is divided into two primary facies:  A is 
characterized by white aeolian carbonate sand and B is a red-brown carbonate sand (Figure 4.3).  
Facies A consists of clean sand grains with rare carbonate nodules and rare plant fragments. 
Facies B consists of coated sand grains, red-brown silt, and black particulate matter. This sand 
also includes carbonate nodules ranging 0.5 to 2 mm in diameter, flakes of carbonate imprinted 
with a reticulate pattern, and plant litter (rootlets, disintegrated pieces of elastic plant matter, 
fungal hyphae, fibers, and seeds). The nature of the contact between facies was disturbed by the 
bucket augers, but in soil pits the contact between A and B was observed– at site 1C, the contact 
is abrupt and wavy, and the angle between A and B indicates A unconformably overlies B. At 
3A, the transition between A and B is wavy.  
  Additional sub-layers were observed within facies A and B. At site 2B, layers of litter 
and soil particulates and silt-coated grains ranging from 1 to 3 centimeters thick alternate with 
clean sand. At site 3A, a sub-layer at 50 cm depth is indicated by presence of litter, soil 
particulates and silt-coated grains. At site 4B, a sub-layer, 2 cm thick, containing litter, soil 
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particulates, and silt-coated grains, occurs near the top of facies B. These layers are interpreted as 
weak paleosols. At site 5A, a grey crust occurs at the surface, and depths 15 and 32 cm. Because 
the grey crust is observed at the modern surface, and increases in organic content relative to the 
clean sand layers, it is interpreted as a paleo surface (Table 4.2). Land snail fossils, Pupoidopsis 
hawaiensis (Christensen, 2012; Pilsbry et al., 1928), were observed in facies B at site 1B and at 
site 5A from the surface down to 32 cm.  
 
Particle size  
 Median particle sizes for individual samples are listed in Table 4.2 and particle size 
distributions are shown in Figure 4.4. Median particle sizes for individual sample sites range 
from 240 to 507 µm (fine to coarse sand), Wentworth, 1922).  Dune sediment samples along the 
northern coast have a dominant median size in the medium sand-size range, whereas the 
dominant median peak of the southwestern site (site 5) is fine sand. Samples 1A-18 cm, 1B-123 
cm, 2B-10, 30, 40, 50 cm, 4A-158, 170 cm, and 5A-0, 10, 17, 20, 30, 32, 60 cm have a bimodal 
distribution, with a very small, up to 0.3 µm, peak in the silt fraction. The remaining samples 
have a unimodal size distribution.  
 
Sediment properties and mineralogy  
 Differences between facies A, facies B, and weak paleosols within the facies are apparent 
in LOI data.  All dune sediments contained CaCO3, with abundance ranging from 85.3 to 95 
percent by mass (Table 4.2). The remaining components range from 3.0 to 5.5 percent organic 
material, and 2.1 to 9.2 percent is a residual (Table 4.2). Figure 4.5 shows that sediment from 
facies B corresponds to higher organic and higher residual content, and smaller median particle 
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size, while sediment from facies A corresponds to higher carbonate content and larger median 
particle size. Bulk sediments from all dune sediments contain calcite and aragonite. Isolated 
foraminifera from the sample 1B-223 were composted of calcite, whereas the remaining 
sediment fraction (coral and other biotic grains) was both aragonite and calcite. Soil nodules 
from site 4A-158 cm contain both aragonite and calcite. The grey crust from site 5 at depth 0 and 
32 cm is both aragonite and calcite. XRD results are summarized in Table 4.2.  
 
Chronology 
 Organic–inorganic pairings at each dune site are offset by hundreds of years, given the 
marine radiocarbon reservoir effect and the lag time between foraminifera death, deposition, 
sediment exposure, entrainment, and final deposition. Thus, foraminifera ages are maximum 
dune ages. Foraminiferal radiocarbon ages on dune sediment from the northeastern shore range 
from 1,830 ± 80 cal yr BP, a bottom date, to 290 ± 60 cal yr BP, a surface date. On the 
southwestern shore at site 5A, foraminiferal radiocarbon age from a buried surface crust is 3,220 
± 90 cal yr BP. A corresponding fossil terrestrial snail age (Pupoidopsis hawaiensis) from the 
buried surface crust is 1957 ± 0.4 C.E.  Facies B along the northeastern shore, based on 
foraminiferal radiocarbon ages, has maximum ages of 1,530 ± 70 to 400 ± 81 cal yr BP. One pre-
modern organic date is 756 ±16 cal yrs BP, and the remaining organic dates are range from 1956 
to 1958 C. E.  Two of the modern calibrated dates have probabilities that fall both in 1950’s and 






Dune stratigraphy  
 Facies A, characterized by clean grains (uncoated) and low relative organic matter 
content, is indicative of active aeolian deposition (e.g. Muhs, 1985). Facies A2 represents the 
oldest aeolian deposition, deposited above the previous beach surface, and unit A1 represents the 
most recent period of aeolian deposition. facies B, observed at sites 1B, 2B, 3A, and 4B, is 
evidence for a period of dune stabilization and soil development on the northeastern shore. 
Indicators for stabilization and soil development preserved in facies B include, increased relative 
abundance of organic and visible organic litter and pedogenic indicators including calcite 
nodules, calcite flakes, rhizoliths, and land snail fossils. The red-brown silt coating is indicative 
of soil organic matter, as it disappears with H2O2 treatment. Although iron oxide minerals, of 
significant percentage, were not detected in XRD analysis, the red-brown color of the coating is 
also likely linked to trace amounts of oxide minerals in the soil organic matter. We emphasize 
that facies B is not considered to be a soil horizon within the dune because of the bounding 
surface observed at the contact between facies B and facies A (Figure 4.7), but rather facies A 
formed over facies B. There is also evidence for a paleo surface at site 5A, unlike the weak 
paleosols in the soil pits on the northeastern shore, a buried surface crust (32 cm) resembles the 
modern surface at site 5A. Thus, a minimum of two cycles of dune building, and an interval of 
stabilization is preserved in the stratigraphy on both shores in the Kiritimati dunes stratigraphy. 
Late Holocene dune chronology   
 The modern geography and surficial sediment deposits on Kiritimati formed following 
the mid-Holocene (Woodroffe and McLean, 1998) – the period in which eustatic post glacial sea 
level rise stabilized in the central tropical Pacific (Woodroffe et al., 2012; Dickinson, 2000). 
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Coral reconstructions of sea level for the CTP points to the establishment of modern sea level 
(±25 cm) during the mid-Holocene, at approximately 5,000 cal yr B.P. (Woodroffe et al., 2012). 
Because the modern shoreline elevation was also likely established at this time, we infer the mid-
Holocene to be the maximum possible age of the dune formation era on the island, and the ages 
from the survey of Kiritimati dune sediment indicate aeolian dunes are likely much younger.  
 Based on the survey of foraminiferal radiocarbon ages across the dune sites, Kiritimati 
dune development occurred between 3220 ± 90 cal yr BP, (bottom date), to 290 ± 60 cal yr BP, 
(dune surface date).  Based on the 290 ± 60 age difference between the foraminifera in the 
modern beach deposit and a dune surface, we interpret this as a lag induced by variability in 
post-mortem storage time. It is possible that sediments were first deposited on the beach, 
remained there for some amount of time, were entrained into the dune area, and then remobilized 
numerous times before final burial at the sampling location.  Other studies that date surface 
nearshore and beach deposits using foraminifera also find large age ranges, indicating that 
multiple foraminifera ages are represented in one deposit. Radiocarbon dating of subaerial 
Amphistegina lessonii, from beaches on Oahu, Hawaii suggests that beach sand age represents a 
mixture of a few thousand years of ages (Moberly and Chamberlain, 1964; Resig, 2004). 
Radiocarbon dating of unspecified bulk foraminifera and dates from other grain types such as 
coral nearshore and beach sediment from Kailua Bay, Oahu, Hawaii yielded age ranges of 500 to 
1,000 years B.P. and 2,000 to 5,000 years B.P. (Harney et al., 2000).  However, 20th century ages 
on Heterostegina sp sampled directly from shallow lagoon sediment in Kiritimati indicate that it 
is also possible to have more recent foraminifera ages in beach sediment (Carilli and Walsh, 
2012).  
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 Within the paleosol, the increase in relative organic content, remnants of plant matter, 
and soil organic matter coating on grains suggest an increase in moisture may have contributed 
to the establishment of denser vegetation and stabilization of the dunes. Furthermore, the red 
color of the sand is often associated with aging process of sand in humid tropical environments 
(e.g. Gardner, 1983a; Gardener, 1981), suggesting the environmental conditions were less dry at 
the time of the paleosol formation.  The oldest organic radiocarbon age in our survey is from a 
seed within the paleosol at site 1B (65 cm depth) dating to 760 ± 17 cal yrs B.P.  The age is 
coeval with the recovery of currently brackish Lake 30 (6 km from Site 1B, 1.873˚N, -
157.355˚W) from a high salinity period, indicating that the paleosol developed during the 
recovery from an arid period on Kiritimati when the ITCZ shifted southward (Figure 4.9) 
(Higley et al., 2018).  
 All other organic radiocarbon ages are modern–ages from within the paleosol at the 
northeastern sites (1B, 2B, 3A, 4A, 4B) range from 1955 to 1957 C.E. and a seed from the buried 
surface at Site 5A-32 cm dates to 1957 C.E. There are two possibilities for the origin of the 
modern dates. First, they could be modern (post-bomb) contamination from lateral root 
penetration or bioturbation into the paleosol facies. If the calibrated ages fall on the right side of 
the bomb calibration curve, they would be indicative of very recent contamination into the 
paleosol facies, via root penetration and bioturbation. However, as most ages only have 
intercepts on the left side of the NH3 calibration curve, indicating ages within 1950–1960 C.E., 
the paleosol may have been exposed in at this time due to erosion, followed by subsequent re-
burial in the latter half of the 20th century.  
 Evidence for erosion, exposure of the paleosol surface, and subsequent reburial of the 
paleo-surface during the mid-20th century is supported by radiocarbon dates of plant material 
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dating to 1956 and 1957 found within the paleosol on the northeastern shore and within the 
buried surface crust at Site 5A. At site 1B, the leaf dating to 1957 ± 0.8 C.E. was very delicate 
and would have disintegrated if tunneled from the modern dune surface down to sampling depth, 
therefore it was likely deposited prior to deposition of facies A. Likewise, at site 5A, we observe 
no evidence of bioturbation and clearly delineated color horizons at 15 cm, and at 32 cm where 
we find a seed dating to 1957 C.E. In sum, the preservation of the fragile leaf, terrestrial snails, 
and seed within the stratigraphy, dating to 1957 C. E. are indicative that facies A was deposited 
between the mid-20th century and possibly the early 21st century.  If this is the case, the paleosol 
represents both its time period of formation as well as the dune surface in the 1950’s, when a 
sudden, environmental change caused erosion. This was followed by dune reactivation and 
subsequent burial of the paleosol.     
    
Anthropogenic erosion of aeolian sediment    
 Based on the mid-20th century ages of buried plant material found within the paleosol, 
the paleosol was likely exposed at the dune surface at that time, however at present time it is 
buried by facies A, aeolian sand. It is possible that natural processes such as washover event, an 
intense storm, or sea level fluctuation could have destabilized the vegetation on the dunes and 
resulted in the remobilization of sand and deposition of facies A in the last 60 years. Storminess 
related to tropical cyclones is unlikely given that typhoons are not known to occur less than 5˚ N, 
because of the weak Coriolis effect near equator (Anthes, 1982; Gray, 1968), but strong 
convective storms during very strong El Niño events in the latter half of the 20th century and 
early 21st century (1982-83, 1997-98, and 2015-2016) may have resulted in some remobilization 
of beach sand. It is interesting to note that the dunes investigated are not associated with any 
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sand beaches, indicating no current sand source for the dunes.  Particle size analysis of the dune 
sediment at different sample depths within the dunes indicates that the dunes are not only well-
sorted into the medium sand fraction, but particle size does not anomalously increase in facies 
A1 relative to facies A2, and indication that both facies A1 and facies A2 are formed by the same 
wind conditions.  
 Anthropogenic disturbance is a strong possibility for causing erosion of the dune surface 
and deposition of facies A since the mid-20th century. Beginning in 1956, the British and 
American military had a heavy presence on Kiritimati, and as many as 14,000 troops lived and 
worked on the island from 1956 to 1958 for hydrogen bomb testing, known as Operation Grapple 
(Maclellan, 2017). The environmental implications of the population increase and associated 
infrastructure development may have resulted in dune sand being utilized for building projects, 
or simply disturbed from surface activities. Although no evidence within the dune samples 
indicates human activity, there was heavy anthropogenic influence on the island dating to the 
time of the paleosol re-exposure. Structures were built at this time including the airport, a camp 
for servicemen, stations for monitoring the tests, and additional outposts around the island 
(Maclellan, 2017 pg. xxiv).  Movement of sediment on the island for building structures can be 
observed in a propaganda film (Harrison, 1957). The road around the island was also built at that 
time (Maclellan, 2017), which also required raw building materials such as sand, and would have 
given servicemen access to any of the dunes sites discussed in this study. Cold war era bullet 
casings can be found near the beach around the dune sites today (Figure 4.8). The presence of 
bullets suggests that trampling also occurred on or around the dunes. All of this activity on the 
island could have resulted in disturbance of the dune vegetation and destabilization of the dune 
surface (e.g. Forman et al., 2015). In addition, it is possible that vegetation was directly 
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influenced by the bomb tests over the island. Although direct evidence for radionuclide fallout 
from bomb testing on the island is minimal (Bolton, 2018), it is possible that vegetation was 




 Kiritimati coastal aeolian sediments provide insight into the sensitivity of coral atoll 
aeolian sediments to regional hydroclimate variability and likely 20th century human 
modification.  Radiocarbon dates on foraminifera from aeolian sand, representing maximum 
ages, indicate that aeolian sediment was deposited 3,220 ± 90 cal years B.P., to 300 ± 64 cal 
years B.P., placing the ages of dune formation in the late-Holocene. Although the dunes are 
composed entirely of carbonate sand, a sediment color shift, coupled with a shift in the relative 
percent organic matter help elucidate a paleosol in the dune stratigraphy. Plant fossils and 
pedogenic indicators within the paleosol are consistent with a stable, vegetated, surface and 
relatively wetter conditions. A radiocarbon date of 760 ± 17 cal yrs B.P., indicates the timing of 
the paleosol is also consistent with a switch from relatively drier to wetter conditions, inferred 
from a Kiritimati lake sediment record.  Currently, the paleosol is buried by clean aeolian sand, 
however, plant fossils buried within the paleosol date from 1955 to 1957 C.E., suggesting that 
the paleosol surface was exposed as recently as the 1950’s C.E. Heavy military presence on 
Kiritimati in the 1950’s and 1960’s could have been the cause of land surface erosion, exposing 
the paleosol surface, and reactivating aeolian transport on the dune surfaces. Thus, we suggest 
the final period of aeolian deposition has occurred since the mid-20th century. This record 
highlights the significance of tropical coral atoll aeolian carbonate sediments as hydroclimate-
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sensitive proxy records, demonstrating that island dune landscapes are sensitive to important 
aspects of environmental change in the tropical Pacific. It also points to the potential significance 
of radiocarbon dates from the post-bomb era for reconstructing landscape sensitivity, in 
particular, illustrating the magnitude of the human footprint on sensitive landscapes, even in the 





















Sample Location Latitude ˚N Longitude ˚W 
K17-SD-1A 1.8321 157.3322 
K17-SD-1B 1.8293 157.3296 
K17-SD-1C 1.8282 157.3292 
K17-SD-1D 1.8282 157.3292 
K17-SD-2A 1.8185 157.3125 
K17-SD-2B 1.8185 157.3127 
K17-SD-3A 1.8005 157.2712 
K17-SD-4A 1.7801 157.2352 
K17-SD-4B 1.7801 157.2352 
K17-SD-4C 1.7801 157.2353 
K17-SD-5A 1.8622 157.5045 
K17-SD-5B 1.8616 157.5051 
K17-SD-5C 1.8616 157.5051 
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Figure 4.2. Wind speed data for Kiritimati Island. A) NOAA-CIRES 20th Century Reanalysis 
V2c gridded data anomaly for 1.9–3.8° N, 201.6–203.5° E (black) (Compo et al., 2011). B) 
Local airport (1.99° N, 157.35° W) wind speed anomaly (grey, 15-point running average). C) 


































































Figure 4.3. Dune stratigraphy based on sediment observed in auger hole and soil pits. Interpretation found in the boxes to the right of 













Figure 4.4. Grain size distributions for dune sediment samples are presented as one color per 
dune sampling location, (see site name labeled on plot). One thick line per color packet is the 
average particle size distribution for sampling location. Silt component of bi-modal distributions 


















Figure 4.5. Loss on ignition data.  A) percent carbonate B) percent organic, and C) percent 
































Figure 4.6. Northern Hemisphere Zone 3 (NHZ3) calibration curve. Purple age distributions have 





Figure 4.7. Soil pit 1C. Unit A (light sand) overlies Unit B (red-brown sand) at an angle, 












Figure 4.9. A) S/Ca, a proxy for moisture balance for Lake 30 on Kiritimati. x’s indicate ages of microbial mat in lake 30 record 
(Higley et al., 2018). B) Radiocarbon ages for sand dune sites. Foraminifera ages calibrated with MARINE13 curve and Delta R= 
10±15 (squares, Stuiver et al., 2018; Zaunbrecher et al, 2009). Organic ages calibrated with IntCal13 curve (circles, Stuiver et al., 
2018) or CALIBbomb for NHZ3, if modern (triangles, Hua et al., 2013). Modern ages, presented as ranges in Table 4.3, are plotted as 
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER 2 
 
INTRODUCTION 
 This supplementary material includes detailed methods, additional figures and tables, and 
data from chapter 2. We include detailed core sediment descriptions and the microscopy images 
used to characterize the sediment.  We describe how the Lake 30 composite core is constructed 
with the aid of a figure depicting all cores from Lake 30, we present the core depth information 
in a table to aid future reconstructions, including a table of ages of the microbial mats depicted in 
Figure 2.4, Bacon input data, and we provide the raw XRF and LOI data for the Lake 30 cores. 
We describe the details of the evaporation model and provide a table of evaporation model input 
data. The evaporation model represents two different time periods on Kiritimati Island, therefore 
we include rainfall data for each period for comparison. From our spatial survey, we present a 
table of all chemistry data and locations for each sample, as well as loss on ignition data for 
surface lake sediment. To aid the discussion of spatio-temporal pattern of hydroclimatic change 
in the tropical Pacific, we include calculations of the agreement index for the 8 hydroclimate 
hypotheses tested with dataset in Figure 2.9.  
Initial characterization of core sediment 
Initial sediment characterization was done with macroscopic observations of sediment 
and analysis of smear slides on representative core material.  Smear slides in Supplementary T 
Figure A.1 were prepared at LacCore: the National Lacustrine Core Facility at the University of 
Minnesota and at the Conroy Lab at the University of Illinois at Urbana-Champaign. A small 
amount of material was mounted on slide with toothpick, spread with ethanol, then covered with 
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slide cover and optical glue. Sediment is described using the methods of Schnurrenberger et al. 
(2003). Depths are composite depths, as pictured in Figure 2.4 in the main text.  
Composite core construction 
The composite core shown in Figure 2.4 in the main text was initially constructed with 
coring depths, drive lengths, and core recovery. The composite core was then adjusted with 
visual alignment using key layers, sediment packages and lithologic transitions (Supplementary 
Figure A.2, Supplementary Table A.1). All cores were considered when constructing the 
composite core figure and no mathematical operations were applied to match the core segments. 
Cores C and E have gaps due to incomplete recovery but continuity within the sediment package 
is accounted for in the overlapping cores.  
 
Loss on ignition  
 Equations 1-3 were used to calculate the percent abundance of organic carbon, calcium 
carbonate, and residuals.  
 
Equation 1: %Organic = ((Dry weight – 550°Cweight)/(Dry weight)) x 100.  
Equation 2: %CaCO3 = ((550°C weight – 950°C weight)/(Dry weight)) x 2.274 x 100.  
Equation 3: %Residual = 100 – (%Organic + %CaCO3).  
Evaporation model 
 Reaction path models were computed using The Geochemist Workbench® REACT 
version 11.0 (Bethke and Yeakel, 2016a). All model input data is listed in Supplementary Table 
A.3 including major ions, anions, pH, alkalinity, and temperature. Reactants included CO2 (g) 
and water. We removed 96% (996 of 1000 g) of the initial water mass to simulate near-total 
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evaporation. The duration of the model was 1 year and flow-through setting was used to prevent 
re-dissolving of minerals after precipitation (Bethke and Yeakel, 2016b).  
 The default thermodynamic dataset in The Geochemist Workbench® is “thermo.tdat” 
which uses the Debye-Hückel equation to calculate the activity coefficients. This dataset was 
used for the village well model, but due to the high ionic strength of saline solutions, the Debye-
Hückel equation is less adequate; instead, the “thermo.hmw.tdat” database is required for the 
other three water types. It uses the Harvie-Møller-Weare activity model for solutions of high 
ionic strength. The limitation in this dataset is it can only be calculated at 25˚C (Bethke and 
Yeakel, 2016b).  
 Although other minerals were precipitated in the model simulation, we only assess 
calcite, aragonite and gypsum, as these are the most abundant minerals detected. According to 
modeled brine pathways (Eugster and Hardie, 1978) calcite, aragonite, and gypsum are viable 
inorganic precipitates for the Lake 30 water type, and these three minerals were detected in XRD 
analysis of the core material. The initial run also yielded dolomite and magnesite, but because we 
do not have evidence of those minerals in the core material, we suppressed the formation of 
dolomite and magnesite in subsequent runs. 
 
Methodology for Figure 2.9 
 To construct Figure 2.9, tropical Pacific hydroclimate records were standardized by 
calculating the standard Z-score. The Z-scores were calculated with the 1-2000 C.E. long-term 
mean and standard deviation, or the long-term mean and standard deviation of the record, if 
shorter. We then averaged the Z-scores into 100-year bins. The binned time series were then 
transformed into the color grid with Matlab 2016b (Matlab, 2016). Warm colored squares 
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indicate periods drier than long-term mean, and cool colors indicate periods wetter than long-
term mean, based on the author interpretation of each record. Two records required additional 
processing: The Cave KNI-51 100-yr binned Z-scores were averaged across overlapping records 
to create a continuous time series (Griffiths et al., 2016).  The Laguna Pallcacocha red color 
intensity Z-scores were temporally downsampled by one half prior to interpolation and resulted 










































Core Name Top of sediment 
in core – Original 
section (cm) 
Top of sediment in 




Used to construct 
XRF time series 
Used to construct 
LOI time series 
K2014-K614-1A-1P-1-W 11.3 0 11.3 x x 
K2014-K614-1B-1P-1-W 14 0 14   
K2014-K614-2C-1L-1-W 1.4 34.4 33 x x 
K2014-K614-2C-2L-1-W 2.1 62.1 60 x x 
K2014-K614-2D-1B-1-W 1.6 50.6 49 x  
K2014-K614-2E-1L-1-W 0.6 93.6 93 x   
 
 

















1 24 13 1491 1720 1347 K614-1A1P 
2 28 32 1226 1313 1161 K614-1A1P 
3 3 38 1167 1221 1114 K614-2C1L 
4 16 50 1070 1168 996 K614-2C1L 
5 19.3 54 1029 1141 932 K614-2C1L 
6 24.5 58 986 1111 871 K614-2C1L 
7 20 67 887 1020 749 K614-2D1B 
8 5.5 70-73 833 966 693 K614-2C2L 
9 31 78 757 906 611 K614-2D1B 
10 36.5 84 668 845 468 K614-2D1B 
11 52.5 100 432 679 153 K614-2D1B 
12 39 104 370 621 93 K614-2C2L 
Sr/Ca 
peaks 
      
Sr/Ca&peak& 27.8& 16.9& 1396 1615 1277 K614-1A1P 
Sr/Ca&peak& 43.2& 32.3& 1226 1321 1161& K614-1A1P 
in Figure 6       
Sr/Ca&peak& 9.5 42.5& 1130 1201 1062 K614-2C1L 
Sr/Ca&peak& 13.5& 46.5& 1099 1184 1024 K614-2C1L 
Sr/Ca&peak& 31.5& 64.5& 915 1056 777 K614-2C1L 
 
 
Supplementary Table A.2. Ages of 12 strongly laminated microbial mats from core material (as numbered in Figure S4. Ages of Sr/Ca 






Sample ID Sample Date Conductivity Field Temp Model Temp pH Alk. Alk. Ca2+  
Type Collected (µS/cm) (˚C) (˚C) 
 
(meq/L) (mg/L) (mg/L) 
Seawater (2014) Seawater 7/30/14 55,340 29.3 25.0 8.33 2.38 119 358 
Seawater (2002) Seawater 8/28/02 52,800 29.4 25.0 8.19 2.39 120 414 
Lake 30 (2014) Lake 7/26/14 44,087 31.5 25.0 8.89 4.76 238 260 
Lake 30 (2002) Lake 8/28/02 61,800 36.0 25.0 8.10 3.57 179 720 
Lake 22 (2002) Lake 4/9/02 151,000 31.5 25.0 8.34 3.63 182 1455 
London, well (2002) Groundwater 9/6/02 2,100 28.7 28.7 7.36 5.87 294 78 
Sample ID Mg2+ K+ Na2+ Cl- SO-4  HCO-3  Stepping dxplot Source 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)*     
 
Seawater (2014) 1139 376 9494 17221 2317 145 0.001 0 This study 
Seawater (2002) 1342 399 10851 19570 2727 146 0.001 0 Arp et al., 2012 
Lake 30 (2014) 1127 348 8706 11130 1723 290 0.001 0 This study 
Lake 30 (2002) 1913 543 14667 25065 4794 218 0.001 0 Arp et al., 2012 
Lake 22 (2002) 5080 1470 40301 70586 10737 221 0.001 0 Arp et al., 2012 
London, well (2002) 65 8 276 461 99 358 0.001 0 Arp et al., 2012 
 










Lab ID age error depth cc dR dSTD 
ISGSA3470 -64 15 0 0 0 0 
ISGSA3591 660 15 14 1 58 50 
ISGSA3432 835 15 35 1 0 0 
ISGSA3590 850 15 49 1 58 50 
ISGSA3506 1210 15 73 1 58 50 
ISGSA3430 1530 15 111 1 58 50 
ISGSA3461 2074 15 121 0 0 0 
 
 




































Supplementary Figure A.1.  Letters correspond to Figure 4 in the main text. PP = plain polarized 
light, XP = cross-polarized light. A) Calcite crystals with microbial material.  B) Calcite and 
aragonite crystals. C)  Calcite and aragonite crystals. D) Calcite and gypsum crystals with 









Supplementary Figure A.2 (continued).  Letters correspond to Figure 4 in the main text. PP = 
plain polarized light, XP = cross-polarized light. E) Gypsum sand. F) Gypsum sand and gravel. 










Supplementary Figure A.2.  Cores collected at Lake 30 in 2014. Surface-water interface cores A 
and B were collected near the shore. Overlapping cores C, D, E were collected from the center of 
Lake 30 in 19 cm of water (Figure 2). Full core names are alongside of each core. Green shading 










Supplementary Figure A.3. Loss on ignition (LOI) and X-ray diffraction (XRD) results for 
surface sediments of lakes, springs, and the lagoon. Salinity values are for the water at the 
sampling location.  XRD measurements are denoted as, C = calcite, Ar = aragonite, G = gypsum, 
in order of abundance. Sites with an asterisk were mostly organic material and had too little 
sediment for XRD measurement. LOI measurements are shown as percentages of organic 
(black), carbonate (grey), and the residual (white).  Locations for these sites are listed in table 



























































































Supplementary Figure A.4.  Rainfall for Kiritimati during three years prior to lake water 
collection in 2002 and 2014. August 1999–August 2002 is represented by yellow line and 
August 2011–August 2014 is represented by blue line (Adler et al., 2003).  Long-term means are 
dashed lines. Lake 30 sampling dates indicated by ‘H’ for this study (July 26, 2014) and ‘A’ for 











Aug 2011 – Aug 2014
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APPENDIX B: LIST OF SUPPLEMENTAL FILES 
 
 
Supplementary Table A.5. Water chemistry values from survey on Kiritimati Island. Bmdl = 
below detection limit. N.D.= no data.  
 
Supplementary Table A.6.  X-ray fluorescence data for Lake 30 cores K6-2014-1A1P, K6-2014-
2C1L, K6-2014-2C2L, K6-2014-2D1B, and K6-2014-2E1L. 
 
Supplementary Table A.7. Loss on ignition data for Lake 30 cores K6-2014-1A1P, K6-2014-
2C1L, and K6-2014-2C2L.  
 
Supplementary Table A.8. Agreement index for 8 hydroclimate hypotheses tested with dataset in 
Figure 2.9. 
 
Supplementary Table A.9.  Cohen’s ! for the agreement index in Supplementary Table A.8.   
 
Supplementary Table 4.2.  Geochemical and mineralogical data for Kiritimati dune sediment.  
Loss on ignition data:  % organic matter, % carbonate, % residual, and X-ray diffraction results. 
Sedimentary units are notated as Unit A (A), Unit B (B) and substrate. N.D = no data.  
 
Supplementary Table 4.3 Radiocarbon dates for Kiritimati dune sediment. Bold samples were 
combusted and graphitized at the Illinois State Geological Survey, non-bold samples were 
combusted and graphitized at the Keck-CCAMS, University of California. For calibrated ages 
labeled cal yrs BP, 1950 C.E. is considered the present. The relative area under probability 
distribution is parentheses.  
 
 
 
 
 
 
 
